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 From catalytic studies in surface science, it has been shown that the catalytic 
activity is dependent on the type of metal facet used.  Nanocrystals of different shapes 
have different facets.  This raises the possibility that the use of metal nanoparticles of 
different shapes could catalyze different reactions with different efficiencies.  In this 
thesis, a comparison of the catalytic activity of tetrahedral, cubic, and spherical platinum 
nanoparticles during the early stages of the electron transfer reaction is conducted.  
Tetrahedral nanoparticles are composed entirely of (111) facets and have sharp edges and 
corners.  Cubic nanoparticles are composed entirely of (100) facets and have less sharp 
corners and edges.  Spherical nanoparticles are really “near spherical” and composed of 
both (111) and (100) facets and have corners and edges at the interfaces of these facets.  
The catalytic activity, as measured by the value of the activation energy, is found to 
correlate with the fraction of surface atoms located on the corners and edges of the three 
kinds of nanoparticles.  Thus, it is observed that for nanoparticles of comparable size, the 
tetrahedral nanoparticles have the highest fraction of surface atoms located on the corners 
and edges and have the lowest activation energy.  The cubic nanoparticles have the 
highest activation energy and the spherical nanoparticles have intermediate activation 
energy. 
 Nanoparticles have a high surface-to-volume ratio, which makes them attractive 
to use compared to bulk catalytic materials.  However, their surface atoms are also very 
active due to their high surface energy.  As a result, it is possible that the surface atoms 
are so active that their size and shape could change during the course of their catalytic 
function.  Would changes in the morphology of the nanoparticles affect their catalytic 
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activity during the reaction?  Studies on how the catalytic process affects the size and 
shape of the nanocatalyst have been conducted for two reactions:  the electron transfer 
reaction and the Suzuki cross-coupling reaction.  The nanoparticle shape (using TEM) 
and the activation energy are followed during the full course of the electron transfer 
reaction (2 days).  It is found that dissolution of corner and edge atoms occurs for both 
the tetrahedral and cubic platinum nanoparticles and that there is a corresponding change 
in the activation energy in which both kinds of nanoparticles strive to behave like 
spherical nanoparticles.  The rate of dissolution of corner and edge atoms is faster for the 
tetrahedral nanoparticles than the cubic platinum nanoparticles.  When spherical platinum 
nanoparticles are used as catalysts for the electron transfer reaction, there is a small 
reduction in the size of the nanoparticles after the first and second cycle.  When spherical 
palladium nanoparticles are used as catalysts for the Suzuki reaction, it is found that the 
nanoparticles grow larger after the first cycle of the reaction due to Ostwald ripening 
process since it is a relatively harsh reaction due to the need to reflux the reaction mixture 
for 12 hours at 100 oC.  In the case of PVP-capped Pd nanoparticles, the larger 
nanoparticles formed in the first cycle aggregate and precipitate out of solution resulting 
in a smaller nanoparticle size distribution remaining in solution.  In the case of the 
PAMAM-OH Generation 4 capped Pd nanoparticles, the nanoparticles continue to grow 
larger during the second cycle.  As a result, the nanoparticle preparation method and 
capping agent also play a role in the amount of growth that occurs during the catalytic 
process.  In both types of spherical palladium nanoparticles, the nanoparticles were found 
to have a poor recycling potential, in which the dendrimer-Pd nanoparticles have a 
slightly higher recycling potential.  When the tetrahedral Pt nanoparticles are used to 
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catalyze this reaction, the tetrahedral nanoparticles transform to spherical ones, which 
grow larger during the second cycle.  The transformed spherical platinum nanoparticles 
have poor catalytic activity compared to the tetrahedral platinum nanoparticles. 
 It is also very important to understand the effect of the individual reactants on the 
nanoparticle size and shape.  Can the role of individual reactants on the stability of the 
nanoparticles provide clues on the mechanism of the reaction?  In the case of the electron 
transfer reaction, it is found that when the platinum nanoparticles are exposed to the 
thiosulfate ions, the nanoparticle size and shape is maintained for all three nanoparticle 
shapes.  This could be due to binding of the thiosulfate ions to the nanoparticle surface.  
When the spherical platinum nanoparticles are exposed to the hexacyanoferrate (III) ions, 
there is a great reduction in the size of the nanoparticles, which could be due to platinum 
atoms in the surface dissolving due to attack by the CN- ligand.  In the case of the 
tetrahedral and cubic platinum nanoparticles, distortions in the nanoparticle shape occur 
due to dissolution of atoms on the corners and edges.  As a result, the catalytic 
mechanism probably involves the thiosulfate ions binding to the nanoparticle surface and 
reacting with the hexacyanoferrate (III) ions in solution.  In the Suzuki reaction, when the 
spherical palladium nanoparticles are refluxed in the presence of iodobenzene, the 
nanoparticles continue to grow in size, suggesting that the iodobenzene probably does not 
interact with the nanoparticle surface.  In the case of the tetrahedral platinum 
nanoparticles, the shape transformation to spherical nanoparticles still occurs, and this 
also suggests that the iodobenzene does not interact with the nanoparticle surface.  
However, when the nanoparticles are refluxed in the presence of phenylboronic acid, 
there is a great inhibition in the growth process in the case of the spherical palladium 
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nanoparticles and the shape transformation process is greatly inhibited in the case of the 
tetrahedral platinum nanoparticles.  This could be due to the binding of phenylboronic 
acid to the nanoparticle surface in the deprotonated form.  These results suggest that the 
mechanism of surface catalysis of the Suzuki reaction involves the phenylboronic acid 
binding to the nanoparticle surface and reacting with iodobenzene via collisional 
processes.  FTIR studies have shown that the mode of binding involves the B-O-Pd bond 










1.1  Introduction 
 
 The field of nanocatalysis (the use of nanoparticles to catalyze reactions) has 
undergone an explosive growth during the past decade, both in homogeneous and 
heterogeneous catalysis.  There have been more than 2800 papers published in both types 
of nanocatalysis together.  Figure 1.1a shows the number of journal publications that 
have been published in the area of catalysis with nanoparticles for each year in the past 
decade.  It can be seen that catalysis with nanoparticles is a growing field.  Since 
nanoparticles have a large surface-to-volume ratio compared to bulk materials, they are 
attractive to use as catalysts.  Figure 1.1b shows the number of publications that have 
been published in the area of catalysis with nanoparticles in the top ten journals.  The top 
five journals in this field in terms of the number of publications include Journal of 
Physical Chemistry B, Langmuir, Journal of the American Chemical Society, Journal of 
Catalysis, and Chemistry of Materials.  The use of supported nanoparticles in 
heterogeneous catalysis accounts for majority of the publications, while colloidal 
nanoparticles in homogeneous catalysis accounts for only about 15-20% of the work.  
The synthetic methods and stabilizing agents used to prepare colloidal transition metal 
nanoparticles for homogeneous catalysis applications and the major reactions conducted 
using these colloidal transition metal nanocatalysts are discussed.  The various supports 
used to prepare supported transition metal nanoparticles for heterogeneous catalysis 
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applications and the major reactions that have been conducted using the supported 
transition metal nanocatalysts are also discussed.   
In the last section of this chapter, the organization of the thesis and the major 
findings in each chapter is summarized. 
 
Figure 1.1—Statistics of the number of journal publications per year during the past 
decade in the area of catalysis with nanoparticles (a) and statistics on the 10 journals with 
the most publications in the area of catalysis with nanoparticles (b).  The statistics are 
obtained using Scifinder Scholar. 
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1.2  Colloidal Metal Nanoparticles as Catalysts in Homogeneous Catalysis 
 In homogeneous catalysis, transition metal nanoparticles in colloidal solution are 
used as catalysts.  In this type of catalysis, the colloidal transition metal nanoparticles are 
finely dispersed in an organic or aqueous solution or a solvent mixture.  The colloidal 
nanoparticle solutions must be stabilized in order to prevent aggregation of the 
nanoparticles and also to be good potential recyclable catalysts.  Nanoparticles have a 
large surface-to-volume ratio compared to other bulk materials and this makes them 
attractive to use as catalysts.  The reason why it has been suggested that transition metal 
colloids are very efficient catalysts is because there is a large number of atoms that are 
present in the surface of the nanoparticles.   
There have been many review articles that discuss the use of colloidal transition 
metal nanoparticles as catalysts for homogeneous catalysis and also some of the major 
reactions that this type of nanoparticles has catalyzed1-7.  One review has focused on 
whether transition metal colloidal nanoparticles are potential recyclable catalysts1.  The 
synthesis, structure, and catalytic properties of giant palladium clusters and nanosized 
palladium complexes stabilized with ligands have also been reported2.  The use of 
transition metal nanoparticles stabilized with various polymers as homogeneous catalysts 
has been reviewed3.  The use of monometallic and bimetallic nanoparticles stabilized by 
solvent and surfactants as catalysts has been surveyed4.  Bimetallic catalysts in colloidal 
dispersions that are stabilized with PVP as potential catalysts have also been reviewed5.  
The use of transition metal catalysts in colloidal solution as low temperature oxidation 
catalysts has been reviewed6.  There has also been a general review article on nanoscale 
transition metal nanoparticles and a description of transition metal colloids7.   
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The common synthetic methods that are used to prepare colloidal transition metal 
nanocatalysts, the common stabilizers that are used to cap the colloidal transition metal 
nanocatalysts, and some common chemical reactions that have used colloidal transition 
metal nanoparticles as homogeneous catalysts are discussed.  Some of the important 
concepts in homogeneous catalysis with colloidal transition metal nanoparticles as 
catalysts are also discussed. 
 
1.2.1  Common Synthetic Methods of Colloidal Metal Nanoparticles 
The method that is used in synthesizing transition metal nanoparticles in colloidal 
solution is very important for catalytic applications.  The reduction method that is used 
controls the size and the shape of the transition metal nanoparticles that are formed.  Size 
and shape control of transition metal nanoparticles is very important in catalytic 
applications.  In this section, many reduction methods that have been used to synthesize 
transition metal nanoparticles are discussed.  Table 1.1 summarizes the different 
reduction methods that have been used to synthesize colloidal transition metal 
nanoparticles for homogeneous catalysis.  Chemical reduction8-63 of the precursor 
transition metal salt is the most widely used method of synthesizing transition metal 
nanocatalysts in colloidal solution.  There are four other synthetic methods to prepare 
colloidal transition metal nanocatalysts that are not as commonly used.  These other 
synthetic methods include thermal, photochemical, or sonochemical reduction of the 
precursor transition metal salt64-83, ligand reduction and displacement from 
organometallic precursors84-93, metal vapor synthesis94-102, and electrochemical reduction 
of transition metal precursor salts103-105.  The common types of chemical reduction 
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processes that have been used to prepare colloidal transition metal nanocatalysts are 
discussed in more detail since this is the most widely used method.  The other four 
synthetic methods that are used to generate transition metal nanocatalysts in colloidal 
solution are also discussed briefly. 
Table 1.1—Summary of the common reducing agents for the preparation of colloidal 
transition metal nanoparticles, common stabilizers used to cap transition metal 
nanoparticles in colloidal solution, and examples of reactions catalyzed using colloidal 
transition metal nanoparticles in homogeneous catalysis 
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Suzuki Reactions9-11, 114, 118, 120, 138-143 
Heck Reactions123, 138, 141-142, 144-148 







1.2.1.1  Chemical Reduction Method 
 
The chemical reduction of transition metal salts in solution is the most common 
and simplest method of generating colloidal transition metal nanocatalysts.  One common 
reducing agent used is alcohols8-23, mainly ethanol8-16 and methanol17-18.  In this reduction 
method, the alcohol acts both as a solvent and reducing agent and the reduction of the 
transition metal salt takes place when the solution is refluxed.  The use of alcohols as a 
reducing agent results in a fast reduction of the precursor transition metal salt with colloid 
formation occurring quickly.  In this reduction process, the precursor transition metal 
salts are reduced to form the transition metal nanoparticles, while the alcohols are 
oxidized to form the corresponding carbonyl compound.  There have been many studies 
conducted on how the size of the transitional transition metal colloids is dependent on the 
structure and quantity of alcohol used to reduce the precursor transition metal salt19-23.  It 
has also been shown that in the case of the formation of platinum, palladium, and 
rhodium nanoparticles in colloidal solution that the higher the boiling point of the alcohol 
used as the reducing agent, the smaller the size of the nanoparticles formed19-21. 
The use of hydrogen gas24-35 has also been a common reducing agent for the 
preparation of colloidal transition metal nanocatalysts.  The hydrogen reduction method 
involves bubbling hydrogen gas into a solution containing the transition metal salt and 
through a slow reduction process, colloidal nanoparticles are formed.  Tetrahedral24, 26-28, 
cubic24, 26-29, and truncated octahedral24-25 shaped platinum nanoparticles have all been 
formed by the hydrogen reduction method.  Tetrahedral shaped nanoparticles, which are 
composed of (111) facets, are especially attractive to use as catalysts due to the large 
fraction of surface atoms that are present in the edges and corners.  Hydrogen reduction 
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has also been used to reduce precursor iridium and rhodium organometallic complexes to 
generate electrosterically stabilized colloidal nanoparticles that have been shown to have 
a well-defined stoichiometry of formation33-34. 
Sodium borohydride36-55 reduction method is another common method of 
synthesizing colloidal transition metal nanocatalysts.  This method of reduction is 
generally fast with colloid formation occurring quickly after the addition of sodium 
borohydride.  Sodium borohydride reduction has been used to synthesize platinum, 
palladium, copper, gold, and silver nanoparticles in the presence of dendrimers36,37, 44-50.  
Many transition metal nanoparticles such as platinum, palladium, gold and silver have 
also been synthesized using the sodium borohydride reduction method in the presence of 
polymer protecting agents51-55. 
There have also been several other reduction methods that are used to synthesize 
metal nanoparticles in colloidal solution such as hydrazine56-61 and sodium citrate62-63 that 
involve the chemical reduction of the precursor transition metal salt.  Hydrazine has been 
used to synthesize nickel and palladium nanoparticles at room temperature56-57.  
Hydrazine reduction of platinum and palladium nanoparticles has been conducted in 
water-in-oil microemulsions58, 60-61.  Sodium citrate has also been used as a reducing 
agent for the preparation of iridium62 and platinum63 nanoparticles. 
 
 
1.2.1.2  Thermal, Photochemical, or Sonochemical Reduction Methods 
 
 Thermal reduction64-69 of the precursor transition metal salt is also referred to as 
thermolysis and is a reduction method that involves the decomposition of the precursor 
organometallic salt to the zerovalent form. It is another method that is used to synthesize 
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colloidal transition metal nanocatalysts.  Platinum, palladium, and copper nanoparticles 
have been synthesized by using the thermal reduction method64-67, 69.  Bimetallic Pd/Ni 
nanoparticles have also been synthesized using the thermal reduction method68. 
 The photochemical reduction method70-75 of synthesizing colloidal transition 
metal nanoparticles can be conducted in two ways:  reduction of precursor transition 
metal salt by radiolytically produced reducing agents or degradation of an organometallic 
complex by radiolysis.  The radiation methods that have been used include X-ray or 
gamma-ray radiations and also UV-visible radiation by the use of the xenon or mercury 
lamp.  Radiolysis of transition metal salts in aqueous solution produces solvated electrons 
that result from water radiolysis, which reacts with molecules in solution to form new 
radicals that are able to reduce the transition metal salts.  Radiolytically produced 
reducing agents have been used to synthesize platinum and palladium nanoparticles in 
colloidal solution70-72.  Photolysis of transition metal salts have also been successfully 
used to synthesize platinum and palladium nanoparticles using UV-visible radiation73-75.  
It has been reported that the use of UV-visible radiation results in smaller and better 
dispersed transition metal nanoparticles. 
 Sonochemical reduction76-83 is another method of synthesizing colloidal transition 
metal nanoparticles.  Sonication is an acoustic cavitation phenomenon that involves the 
formation, growth, and explosion of bubbles in liquid media.  The sonochemical 
reduction method of precursor transition metal salts involves generation of the active 
species, reduction of the transition metal, and growth of the colloid in a sonicated liquid 
medium.  These steps occur in different compartments:  in gas phase into the cavitation 
bubbles where high temperature and pressure allow water pyrolysis to form H and OH 
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radicals, at the interface between the cavitation bubbles and the solution, and finally in 
the solution.  The sonochemical reduction method has been applied for the generation of 
colloidal platinum, palladium, gold, and silver nanoparticles76-83.  In the case of transition 
metal salts, the reduction process mainly takes place at the bubble/solution interface and 
in solution and does not take place in the gas phase due to the low vapor pressure of the 
precursor transition metal salts. 
 
 
1.2.1.3  Ligand Displacement Method 
 
 The ligand displacement method84-93 of forming colloidal transition metal 
nanocatalysts results from the reduction or ligand displacement of organometallic 
compounds.  Platinum and palladium nanoparticles can be generated using this method84-
87.  The reduction of zerovalent organometallic complexes can also be used to synthesize 





1.2.1.4  Condensation of Atomic Transition Metal Vapor 
 
 Transition metal vapors can be co-condensed with organic vapors to form 
transition metal nanocatalysts94-102.  This method involves the evaporation of relatively 
volatile transition metals at reduced pressure and a subsequent co-condensation of these 
transition metals at low temperature with the vapors of organic salts.  The colloidal 
transition metal nanoparticles are formed by nucleation and growth when the frozen 
metal/organic mixture is warmed to the point of melting.  The condensation process has 
taken place in acetone96-97 to form palladium and gold colloidal nanoparticles and has 
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also taken place in fluorinated solvents100-101.  This method of generating colloidal 
nanoparticles can lead to particles that are stable for several months, but a limitation of 
this method is that there is no precise control of the size of the nanoparticles.  This is a 
major limitation in terms of applications in catalysis since control of size of the 
nanoparticles is necessary to conduct reproducible catalytic reactions. 
 
 
1.2.1.5  Electrochemical Reduction Method 
 
 An electrochemical method103-105 for preparing size-controlled transition metal 
nanoparticles in colloidal solution has been developed.  This method involves the use of a 
sacrificial anode as the metal source, which is oxidized in the presence of a quaternary 
ammonium salt, which acts as both the electrolyte and the stabilizer.  The precursor 
transition metal ions are reduced at the cathode to yield the colloidal transition metal  
nanoparticles.  This method has been successfully used to synthesize palladium, nickel, 
copper, platinum, rhodium, and ruthenium nanoparticles103-105.  An advantage to this 
method of synthesizing transition metal nanoparticles is that the particle size can be 
controlled by the current intensity.  When the current intensity is increased, smaller 
transition metal nanoparticles are produced. 
 
1.2.2  Stabilizers Used in Colloidal Transition Metal Nanoparticles 
Stabilization of the transition metal nanoparticles in colloidal solution is necessary 
in order to prevent agglomeration and aggregation.  For catalytic applications, the choice 
of stabilizers for the transition metal nanoparticles is especially important.  A good 
stabilizer is one that protects the nanoparticles during the catalytic process, but does not 
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passivate the nanoparticle surface fully.  If full passivation of the nanoparticles occurs, 
there will be a drastic loss of catalytic activity since there will be very few active sites 
available for catalysis.  On the other hand, a stabilizer that doesn’t passivate the 
nanoparticle surface well and has many free sites available for catalysis will result in the 
nanoparticles falling apart during the course of the catalytic process.  As a result, in the 
course of deciding a stabilizer to use for capping transition metal nanoparticles, one must 
find a balance between the passivation of the nanoparticle surface and the fraction of 
available sites for catalysis.  In addition, the choice of stabilizer will also affect the size 
and shape of the colloidal transition metal nanoparticles formed.  This is another 
important factor that should play a role in deciding the stabilizer to use to cap transition 
metal nanoparticles in colloidal solution.  Table 1.1 summarizes the different stabilizers 
that have been used to cap colloidal transition metal nanoparticles used in homogeneous 
catalysis.  Some of the common types of stabilizers that have been used to cap colloidal 
transition metal nanoparticles such as polymers8-12, 24-28, 106-112, block copolymers113-117, 
dendrimers114, 118-124, surfactants125-129, and other ligands130-137 are discussed. 
 
1.2.2.1  Polymers 
 There have been numerous types of polymers that have been used as stabilizers 
for colloidal transition metal nanoparticles.  Some kinds of polymers that have been 
utilized include PVP8-12, 26-28, 106-109, polyacrylate24-28, polystyrene110-112, etc.  PVP has 
been used to cap spherical shaped palladium8-11, platinum12, 26-28, and rhodium108-109 
nanoparticles.  It has also been used to prepare tetrahedral shaped platinum 
nanoparticles26-28.  Tetrahedral shaped nanoparticles are very attractive as catalysts due to 
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a large fraction of their surface atoms being present on their edges and corners as 
opposed to their (111) facets.  Polyacrylate has been used to cap cubic24, 26-28 and 
truncated octahedral24-25 shaped platinum nanoparticles.  Platinum nanoparticles in 
colloidal solution have also been encapsulated inside the nanocavities of hyper-cross-
linked polystyrene110-112. 
 
1.2.2.2  Block Copolymer Micelles 
 The formation of colloidal metal nanoparticles in the micelles of block 
copolymers113-117 has also been a common method of stabilizing the transition metal 
nanoparticles.  Block copolymers have been used as stabilizers since they provide better 
protecting action compared to polymers by themselves.  There have been many different 
block copolymer combinations that have been used as catalysts such as poly(ethylene 
oxide)-block-poly-2-vinylpyridine113, polystyrene-b-poly-(sodium acrylate)114, tert-Bu 
acrylate-2-cinnamoyloxyethyl methacrylate115, polystyrene-block-Poly-4-
vinylpyridine116-117, etc.  These block copolymers have been used as stabilizers for 
palladium and platinum nanoparticles. 
 
1.2.2.3  Dendrimers 
 The use of dendrimers114, 118-124 as stabilizers for transition metal nanocatalysts 
has been a fairly recent phenomenon.  The encapsulating action of dendrimers is 
dependent on the generation of the dendrimers that is used.  The higher generation 
dendrimers have closed, increasingly compact structures which can provide effective 
encapsulating action for the metal nanoparticles.  The most common types of dendrimers 
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that are used in preparing colloidal metal nanoparticles are PAMAM based dendrimers114, 
118-124 and PPI based dendrimers119, 121, 124.  These types of dendrimers have been used to 
prepare palladium, platinum, and bimetallic colloidal nanoparticles.  Higher generation 
dendrimers have a strong encapsulating action for the stabilization of the transition metal 
nanoparticles, but can lead to reduced catalytic activity if the dendrimer generation used 
is too high.  This is an important factor to take into consideration when deciding which 
generation of dendrimers to use as stabilizers for transition metal nanocatalysts. 
 
1.2.2.4  Surfactants 
 Surfactants combine both electrostatic and steric stabilization in order to stabilize 
transition metal nanoparticles in solution.  Surfactants have a polar head group that is 
able to generate an electric double layer and a lypophilic side chain that is able to provide 
steric repulsion.  Some kinds of surfactants125-129 that have been used as stabilizers 
include N,N-dimethyl-N-cetyl-N-(2-hydroxyethyl)ammonium chloride salt125, 
monoalkyl-monocationic surfactant126, N-alkyl-N-(2-hydroxyethyl)ammonium salts127, 
ammonium (Bu4N+)/polyoxoanion128-129, etc.  Many colloidal transition metal 
nanoparticles such as iridium, platinum, and palladium nanoparticles have been prepared 
by the use of various surfactants as stabilizers. 
 
1.2.2.5  Other Stabilizing Ligands 
 There are also many other kinds of ligands that have been used to stabilize 
colloidal metal nanoparticles.  Some of these ligands include phosphines130-132, thiols133-
134, and amines135-137.  Platinum, palladium, nickel, and gold nanoparticles in colloidal 
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solution have been stabilized using phosphine ligands.  Platinum and palladium 
nanoparticles have been prepared using octanethiols as ligands.   
 
1.2.3  Chemical Reactions Catalyzed by Colloidal Metal Nanoparticles 
Some types of chemical reactions that have been catalyzed using transition metal 
nanocatalysts in colloidal solution include cross-coupling reactions9-11, 114, 118, 120, 123, 138-
148, electron transfer reactions12, 26-28, 149-152, hydrogenations153-157, and oxidations158-164.  
There are many other types of reaction that have also been catalyzed using transition 
metal nanoparticles in colloidal solution.  Table 1.1 summarizes some of the major 
reactions that have been catalyzed using colloidal transition metal nanocatalysts. 
 
1.2.3.1  Cross-Coupling Reactions 
 Two main types of cross-coupling reactions that have been catalyzed using 
transition metal nanoparticles in colloidal solution are the Suzuki cross-coupling reaction 
and the Heck cross-coupling reaction.  The Suzuki reaction is a C-C bond formation 
reaction which couples arylboronic acids and aryl halides to form biaryls.  The Heck 
reaction is a C-C bond formation reaction that occurs by the arylation of alkenes with aryl 
halides. 
The use of transition metal nanoparticles to catalyze the Suzuki reaction9-11, 114, 118, 
120, 138-143 has been a fairly recent phenomenon.  Palladium nanoparticles9-11, 114, 118, 120, 138-
141, are most commonly used to catalyze the Suzuki reaction while ruthenium142-143, 
copper143, and bimetallic143 nanoparticles have also been used to a much smaller extent.  
Many different capping agents have been used to stabilize the palladium nanoparticles 
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that are used to catalyze the Suzuki reaction such as PVP9-11, 114, 118, PAMAM-OH 
dendrimers114,118, 120, polystyrene-b-poly-(sodium acrylate)114, poly(N,N-
dialkylcarbodiimide140, G-3 dendrimer141, etc.  The Suzuki reaction has been conducted 
in aqueous solution using the 3:1 acetonitrile:water solvent9-11, 114, 118 with palladium 
nanoparticles.  The reaction has also been catalyzed with palladium nanoparticles under 
microwave heating conditions140.  It has been shown that when PVP-Pd nanoparticles11 
and PAMAM-OH Generation 4 dendrimer-stabilized Pd nanoparticles114 are used to 
catalyze the Suzuki reaction between phenylboronic acid and iodobenzene, the palladium 
nanoparticles grow larger in size due to the Ostwald ripening process and the presence of 
unreduced Pd ions, partly reduced Pd ions, and Pd atoms in solution.  After the second 
cycle, the larger nanoparticles aggregate and precipitate out of solution, leaving the 
smaller nanoparticles left in solution.  Also, it is found that the growth process occurs in 
the presence of iodobenzene, while it is inhibited in the presence of phenylboronic acid, 
the other reactant.  Based on these results, it is proposed that the mechanism of surface 
catalysis involves phenylboronic acid binding to the nanoparticle surface and reacting 
with iodobenzene in solution. 
 Another cross-coupling reaction that has been catalyzed using transition metal 
nanoparticles in colloidal solution is the Heck reaction123, 138, 141-142, 144-148 between 
alkenes and aryl halides for C-C bond formation.  The Heck reaction has also been 
conducted mainly using palladium nanoparticles123, 138, 141, 144-147.  Ruthenium 
nanoparticles142 and trimetallic (gold-silver-palladium) nanoparticles148 have also been 
used as catalyst for the Heck reaction. 
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1.2.3.2  Electron-Transfer Reactions 
Electron transfer reactions12, 26-28, 149-152 have also been catalyzed using transition 
metal nanoparticles in solution.  There have been studies using spherical12, 27-28, 
tetrahedral26-28, and cubic26-28 shaped platinum nanoparticles to catalyze the electron 
transfer reaction between hexacyanoferrate (III) ions and thiosulfate ions to understand 
what happens to the nanoparticles during the course of the reaction12, 26-27 and also to 
determine the catalytic activity27-28.  The tetrahedral nanoparticles with their (111) facets 
and also a great fraction of surface atoms on edges and corners are found to be the most 
catalytically active28.  The cubic nanoparticles with their (100) facets and a very small 
fraction of surface atoms on edges and corners are found to be the least catalytically 
active.  The spherical nanoparticles are actually “near spherical” since they are composed 
of many (111) and (100) facets with many edges at their interfaces.  As a result, the 
activation energy of the “near spherical” nanoparticles is intermediate to that of the 
tetrahedral and cubic nanoparticles.  All of these results were obtained in the beginning of 
the reaction where no shape changes were observed28.  It has been observed that during 
the course of the reaction, there are changes in the tetrahedral and cubic shapes with 
corresponding changes in the activation energies27.   
A size-dependent study has also been conducted using platinum nanoparticles149 
to catalyze this electron transfer reaction and it was observed that particles below 38 
nanometers exhibit a trend of decreasing reaction rate with decreasing particle size, while 
those above 38 nanometers show a steady decline of reaction rate with increasing size.  
Platinum nanoparticles that are stabilized in aerosol-OT (AOT)-water-heptane system150 
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have also been used to catalyze this reaction.  In addition citrate-stabilized gold 
nanoparticles151-152 has also been used to catalyze this reaction. 
 
 1.2.3.3  Hydrogenation Reactions 
 Hydrogenation reactions153-157 are the most common reactions that have been 
conducted using transition metal nanoparticles in colloidal solution.  Examples of some 
types of hydrogenation reactions that have been catalyzed with colloidal transition metal 
nanoparticles include hydrogenation of benzene153-154, cyclooctene hydrogenation155, 
hydrogenation of dehydrolinalool57, 156, hydrogenation of cinnamaldehyde157, etc.  There 
are many more kinds of hydrogenation reactions that have also been conducted and are 
too numerous to list.  Hydrogenation reactions have been conducted using many different 
kinds of colloidal transition metal nanoparticles such as  palladium, platinum, and 
rhodium nanoparticles.  Various bimetallic nanoparticles have also been used to catalyze 
hydrogenation reactions in colloidal solution. 
 
1.2.3.4  Oxidation Reactions 
 Oxidation reactions158-164 are very important in many industrial processes and 
have been catalyzed by colloidal transition metal nanoparticles.  Some oxidation 
processes that are important in the color photography industry include the oxidation of 
DMPPD158 and TMPPD159 which have been shown to be catalyzed by palladium 
nanoparticles in water/AOT/heptane microemulsions.  The oxidation of ethylene has been 
conducted with silver colloidal nanoparticles160 that are stabilized with poly (sodium 
acrylate) and also with gold nanoparticles161-162 stabilized with sodium polyacrylate.  The 
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oxidation of cyclooctane by tBHP163-164 has been catalyzed by iron nanoparticles in 
reverse microemulsions and by ruthenium nanoparticles in a biphasic system. 
 
1.3  Supported Transition Metal Nanoparticles in Heterogeneous Catalysis 
 In heterogeneous catalysis, transition metal nanoparticles that are supported in 
various substrates are used as catalysts.  There are three major ways that heterogeneous 
transition metal nanocatalysts are prepared:  adsorption of the nanoparticles onto 
supports, grafting of the nanoparticles onto supports, and fabrication of nanostructures 
onto supports by lithographic techniques.  There have been a number of review articles 
which discuss various reactions conducted using supported transition metal nanoparticles 
as catalysts165-174.  There has been a review on highly active supported transition metal 
nanocatalysts for hydrogenations and enantioselective synthesis of organic compounds165.  
Functional resins are reviewed as potential supports for transition metal nanoparticles or 
complements to traditional supports166.  The effect of the support used on the catalytic 
activity of monometallic and bimetallic nanoparticles has been surveyed167.  The catalytic 
properties of transition metal nanoparticles that are supported on oxide supports have 
been reported168.  A review of supported transition metal nanoparticles as catalysts for 
oxidations and epoxidations has been conducted169.  The impact of nanoscience on 
heterogeneous catalysis has been reviewed170.  The use of supported bimetallic 
nanoparticles for catalyzing a variety of hydrogenation reactions has been reviewed171.  A 
review has been conducted suggesting that the focus of transition metal nanoparticles as 
catalysts in heterogeneous catalysis should be on 100% selectivity of the product to be 
formed172.    Adsorbate-induced restructuring of supported transition metal nanocatalysts 
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has been surveyed173.  A survey of supported transition nanoparticles fabricated by using 
electron beam lithography pulsed laser deposition has been conducted174.  In this section 
of our review, we focus on the three methods of generating supported transition metal 
nanoparticles, the types of supports used, and reactions that are catalyzed using 
heterogeneous transition metal nanocatalysts. 
Table 1.2—Summary of the common supports used for the preparation of supported 
transition metal nanoparticles and examples of reactions catalyzed using supported 





















Grafting onto Polymeric Support211-218 








Fuel Cell Reactions175-180, 183, 185, 228-232 
Hydrogenations187-188, 193, 195, 197, 199, 204, 210, 219-221, 226, 230 
Reduction Reactions196, 198, 200-201, 208, 234 




1.3.1  Adsorption of Nanoparticles onto Supports 
 Table 1.2 summarizes common supports that have been used to prepare supported 
transition metal nanocatalysts.  The most common method of preparing heterogeneous 
transition metal nanocatalysts is by the adsorption of transition metal nanoparticles175-210 
onto different kinds of supports.  The adsorption process involves preparing a colloidal 
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suspension of the transition metal nanoparticles, impregnating the colloidal nanoparticles 
onto the support, and washing of the solid that is obtained.  In the first step, the colloidal 
nanoparticles are prepared using synthetic methods like those discussed previously.  
There are many different kinds of supports that the nanoparticles are impregnated onto 
such as carbon175-186, silica187-195, alumina196-204, titanium dioxide205-210, etc.  Carbon 




1.3.1.1  Carbon Supports 
 
 Carbon175-186 is the most widely used support for the preparation of supported 
transition metal nanoparticles by the adsorption process.  Carbon supports have been 
commonly used for reactions such as electro-oxidation of methanol175, 179-180, 183,185, 
oxygen reduction reaction178, CO oxidation176-177, etc.  Carbon supported transition metal 
nanoparticles have also been used to catalyze other reactions such as the decomposition 
of methane181, methanol carbonylation184, oxidation of glycerol186, etc.   Many different 
kinds of carbon supports have been used for the adsorption process such as Vulcan XC-
72175,177, 179-180, 185, carbon fibers176, carbon nanotubes179, diamond181, carbon black183, 
nanoporous carbon184, graphite186, activated carbon186, etc.  Many different kinds of 
transition metal nanoparticles have been prepared using carbon support such as 
platinum175, 178, 180, 186, platinum-ruthenium175, 179-180, 183, 185, gold176-177, 186, palladium181, 
186, nickel181, and rhodium184 .  The most common kind of carbon support that is used is 
the Vulcan XC-72 type.  An interesting and unusual carbon support is the one in which 
palladium and nickel nanoparticles are supported in the diamond form for the 
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decomposition of methane181.  Another interesting type of carbon support is the use of 
carbon nanotubes as a support for the transition metal nanoparticles.  Many of the carbon 
supported nanoparticles are used to catalyze reactions that are important for fuel cell 
applications175-180, 183, 185 such as the direct methanol fuel cell or the direct ethanol fuel 
cell.  The carbon supported platinum-ruthenium bimetallic nanoparticles and the carbon-
supported platinum nanoparticles are the two most common types of nanoparticles used 
for fuel cell reactions.   
 
 
1.3.1.2  Silica Supports 
 
 Silica based supports187-195 have also been used for the adsorption of transition 
metal nanoparticles for the preparation of heterogeneous nanocatalysts.  Some types of 
silica based supports that have been used include low surface area silica187, silica 
monolith188, SBA-15189-190, high surface area silica191, silica gel192, mesoporous silica193, 
MCM-41194, Aerosil 200195, etc.  Silica supported transition metal nanoparticles have 
been used to catalyze reactions such as hydrogenation of benzene187, 195, hydrogenation of 
cinnamaldehyde188, Heck reaction between butyl acrylate and iodobenzene188, CO 
oxidation189,191, Fischer-Tropsch synthesis190, 194, toluene hydrogenation191, oxidative 
acetoxylation of toluene192, oxidative acetoxylation of 1,3-butadiene192, hydrogenation of 
N-heterocycles193, etc.  Some common transition metal nanoparticles that are supported 
on silica include nickel187, palladium188,192, 195, gold189, cobalt190, platinum191, 
ruthenium193, iron194, etc.  Silica supported nanoparticles have been used to catalyze a 
wide variety of reactions such as hydrogenations, oxidations, and other organic synthetic 
reactions.  A wide variety of transition metal nanoparticles have also been adsorbed onto 
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silica supports to form heterogeneous nanocatalysts.  Also, there have been many forms 
of silica that have been used to form silica supported transition metal nanoparticles. 
 
 
1.3.1.3  Alumina Supports 
 
 Alumina196-204 has also been used as a support for the preparation of 
heterogeneous transition metal nanocatalysts.  Some reactions that have been catalyzed 
using alumina supported transition metal nanoparticles include NO reduction196,198, 200-201, 
hydrogenation of arenes197, hydrogenation of propene199, 204, CO oxidation202, ammonia 
synthesis203, etc.  Some transition metal nanoparticles that have been supported on 
alumina include platinum196, 198-200, 202, 204, ruthenium197, 201, 203, etc.  Cubic platinum 
nanoparticles supported on alumina have been used to catalyze the NO reduction 
reaction196.  It is observed that there is a conversion of the low index facets of the cubic 
nanoparticles to higher index planes that occurs during the reaction conditions, which is 
attributed to substantial changes in the catalytic activity and selectivity to reaction 
products196.  A large morphological evolution of large platinum nanoparticles is also 
observed during the NO reduction reaction200.  Platinum and ruthenium are the most 
common metal nanoparticles that are supported on alumina.  A wide variety of reactions 
have been conducted on alumina-supported metal nanoparticles. 
 
 
1.3.1.4  Titanium Dioxide Supports 
 
 Titanium dioxide (titania) supports205-210 have also been used for adsorption of 
transition metal nanoparticles in the process of forming heterogeneous nanocatalysts.  
Some reactions that have been catalyzed using titanium dioxide supported transition 
 23 
metal nanoparticles include CO oxidation205-207, reduction of SO2208, decomposition of 
formic acid209, hydrogenation of crotanaldehyde210, etc.  Some types of transition metal 
nanoparticles that have been supported on titanium dioxide include gold205-207, 
palladium207, 209, gold-palladium207, ruthenium208, silver210, etc.  Titanium dioxide 




1.3.2  Grafting of Nanoparticles onto Supports 
 
 Another less common method of preparing supported transition metal 
nanocatalysts is to graft transition metal nanoparticles onto a solid support.  There has 
been many different chemical bonds that have been used to immobilize the transition 
metal nanoparticles onto the support.  Some kinds of supports that have been used in the 
grafting method of generating supported transition metal nanocatalysts include 
polyacrylamide gel211-214, polystyrene microspheres215-218, etc. 
 
 
1.3.2.1  Grafting onto Polyacrylamide gels 
 
 One support that is used in the grafting method of preparing supported transition 
metal nanocatalysts is polyacrylamide gels211-214.  Platinum and rhodium colloids have 
been immobilized onto polyacrylamide gels with aminoethyl groups211-214.  The 
immobilization process occurs by the formation of amide bonds by the reaction of the 
ester functional groups of the protecting polymer copolymer PVP/methyl polyacrylate 
copolymer with the amine functions of the gel.  The immobilization process does not 
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1.3.2.2  Grafting onto Polystyrene Supports 
 
 Another support that has been used in the grafting method of preparing supported 
transition metal nanocatalysts is the use of polystyrene microspheres215-218.  Platinum 
nanoparticles have been supported on polystyrene microspheres that contain surface 
grafted PNIPAAm215-217.  In this method, the precursor transition metal salt is reduced in 
the presence of the polystyrene nanospheres.  As a result, the PNIPAAm chains will 
stabilize the platinum nanoparticles onto the surface of the polystyrene microspheres.  
Polystyrene nanospheres that contain surface grafted poly(p-hydroxystyrene) have been 
used to synthesize supported silver and ruthenium nanoparticles218. 
 
1.3.3  Lithographically Fabricated Supported Transition Metal Nanocatalysts 
 Electron beam lithography219-226 has been used to fabricate arrays of transition 
metal nanoparticles onto different supports such as silica and alumina.  Platinum 
nanoparticles that are 50 nanometers have been fabricated onto silicon wafers and have 
been used to catalyze the ethylene hydrogenation at high pressures219, 221.  Studies on the 
reaction intermediates and surface restructuring of platinum nanoparticle arrays formed 
on silica, alumina, and titania that are used to catalyze olefin hydrogenations have been 
conducted220.  The stability of lithographically fabricated supported silver arrays in both 
oxidizing and reducing conditions has been investigated222.  Twenty nanometer silver 
arrays supported on a silicon wafer has been used to catalyze the ethylene epoxidation 
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reaction223.  The thermal, chemical, and adhesion stability of platinum nanoparticle arrays 
supported on silica were studied224.  It was found that in the presence of high temperature 
(1000 K), high vacuum (10-7 torr), and in the presence of 1 atm hydrogen gas, the domain 
sizes within individual particles grew larger, without any noticeable deformation of the 
arrays.  Platinum nanoparticles that are lithographically fabricated and supported on silica 
have been used to catalyze the hydrogenation and dehydrogenation of cyclohexane225.  
The ethylene hydrogenation reaction catalyzed by platinum arrays supported on alumina 
can be used to determine the active metal surface area in this type of nanocatalyst226. 
 
1.3.4 Chemical Reactions Catalyzed Using Supported Transition Metal Nanocatalysts 
 
 Many different kinds of chemical reactions have been catalyzed using 
heterogeneous transition metal nanocatalysts.  A major industrial area that utilizes 
supported transition metal nanocatalysts is the fuel cell industry for catalyzing fuel cell 
reactions.  Some types of reactions that have been catalyzed using heterogeneous metal 
nanocatalysts include fuel cell reactions175-180, 183, 185, 228-232, hydrogenations187-188, 193, 195, 
197, 199, 204, 210, 219-221, 226, 230, reductions196, 198, 200-201, 208, 234, decompositions181, 209, 235-237, 
etc.  There are many other types of chemical reactions that have been conducted using 
supported transition metal nanoparticles in heterogeneous catalysis, but due to the huge 
volume of literature, we will focus only on the above reactions in this review.  Table 1.2 
summarizes some of the major reactions that have been catalyzed using supported 




1.3.4.1  Fuel Cell Reactions 
 Supported metal nanoparticles have been widely used in catalyzing many 
reactions associated with direct methanol and ethanol fuel cells.  A majority of the fuel 
cell reactions175-180, 183, 185, 228-232  have been conducted using transition metal  
nanoparticles that are supported on various forms of carbon.  Some fuel cell reactions that 
have been conducted using heterogeneous supported transition metal nanoparticles 
include methanol oxidation175, 179-180, 183,185, 228, 230-232, ethanol oxidation227, oxidation 
reduction178, CO oxidation176-177, 229, etc.  Platinum and platinum-ruthenium nanoparticles 
supported on various forms of carbon are the most commonly used supported transition 
metal nanoparticles for catalyzing a variety of fuel cell reactions.  A highly active 
electrocatalytic architecture consisting of colloidal platinum-modified carbon-silica 
composite aerogels has been shown to have electocatalytic activity that is 4 orders of 
magnitude greater than that of a native Pt-modified carbon powder228.  Gold supported 
titanium dioxide composite aerogels have also been shown to have high catalytic activity 
for the CO oxidation reaction229. 
 
1.3.4.2  Hydrogenation Reactions 
 Numerous hydrogenation reactions187-188, 193, 195, 197, 199, 204, 210, 219-221, 226, 230 have 
been also been catalyzed by many different types of heterogeneous supported transition 
metal nanoparticles.  Some specific hydrogenation reactions that have been catalyzed 
using supported transition metal nanocatalysts include hydrogenation of benzene187, 195, 
hydrogenation of cinnamaldehyde188, hydrogenation of N-heterocycles193, hydrogenation 
of arenes197, hydrogenation of propene199, 204, hydrogenation of crotanaldehyde210, 
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ethylene hydrogenation219, 221, 226, hydrogenation of olefins220, 230, etc.  There are many 
more kinds of hydrogenation reactions which have been catalyzed using supported 
transition metal nanoparticles, and the above reactions mentioned are examples of some 
typical hydrogenation reactions.  Many different kinds of supported transition metal 
nanoparticles have been used such as platinum, palladium, rhodium, and also many 
different kinds of bimetallic nanoparticles. 
 
1.3.4.3  Reduction and Decomposition Reactions 
 
 There are many kinds of reduction196, 198, 200-201, 208, 234 and decomposition181, 209, 
235-237 reactions that have been catalyzed by heterogeneous supported transition metal 
nanocatalysts.  Some types of reduction reactions include NO reduction196,198, 200-201, 234, 
reduction of SO2208, etc.  Some decomposition reactions that have been catalyzed using 
heterogeneous supported transition metal nanoparticles include decomposition of 
methane181, decomposition of formic acid209, decomposition of chlorodifluoromethane235, 
ammonia decomposition236, decomposition of acetylene237, etc.  Many different kinds of 
supported transition metal nanoparticles have been used to catalyze reduction and 
decomposition reactions such as palladium and platinum nanocatalysts. 
 
 
1.4  Outline of the Contents of the Thesis Chapters 
 
Nanocatalysis is a rapidly growing field that has undergone an explosive growth 
during the past decade.  Nanoparticles have a large surface-to-volume ratio compared to 
bulk catalytic materials, which make them attractive to use as catalysts.  The surface 
atoms of nanoparticles are very active due to their high surface energy.  This raises the 
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possibility that the surface atoms could be so active that they could cause changes in the 
size and shape of the nanoparticles during the course of catalysis.  In the bulk of the 
literature in the nanocatalysis field, there has not been an examination of what happens to 
the nanocatalysts during the course of its catalytic function.  This kind of examination is 
necessary in order to truly examine the usefulness of nanoparticles as catalysts.  In 
addition, these kinds of studies could also provide clues on how to design better catalysts. 
Spherical, tetrahedral, and cubic shaped platinum nanoparticles in colloidal 
solution have been used to catalyze the electron transfer reaction between 
hexacyanoferrate and thiosulfate ions.  The stability of the spherical PVP-Pt nanoparticles 
during the electron transfer reaction has been examined in Chapter 3.  The nanoparticles 
become slightly smaller after the first and second cycles of the reaction.  In the presence 
of just the hexacyanoferrate (III) ions, it is observed that there is a large reduction in the 
size of the nanoparticles while in the presence of thiosulfate ions, the nanoparticles 
maintain their size.  The hexacyanoferrate (III) ions could dissolve Pt atoms from the 
surface of the nanoparticles and form a complex via the cyanide group and this could 
explain the reduction in the nanoparticle size.  The thiosulfate binds to the nanoparticle 
surface via the sulfur group.  Based on these observations, we propose that the surface 
catalytic mechanism involves thiosulfate ions binding to the nanoparticle surface and 
reacting with hexacyanoferrate (III) ions in solution.   
We have also conducted this reaction using tetrahedral PVP-Pt nanoparticles and 
cubic polyacrylate-Pt nanoparticles as catalysts as shown in Chapter 4.  It is observed 
that dissolution of Pt atoms on the corners and edges occur after the first and second 
cycle of the reaction for both tetrahedral and cubic Pt nanoparticles.  The dissolution of 
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the corner and edge atoms is faster for the tetrahedral Pt nanoparticles than for the cubic 
Pt nanoparticles.  Dissolution of atoms in the corners and edges of the tetrahedral and 
cubic nanoparticles also occur in the presence of hexacyanoferrate (III) ions and the 
nanoparticles maintain their shape in the presence of thiosulfate ions.  This supports the 
mechanism of surface catalysis we proposed for this reaction.   
During the first forty minutes of the reaction, it is observed that there are no shape 
changes and as a result the shape dependence on the catalytic activity can be examined.  
The activation energy obtained using the spherical, tetrahedral, and cubic platinum 
nanoparticles are correlated with the fraction of surface atoms on the corners and edges of 
each type of particle in Chapter 5.  It is observed that the tetrahedral nanoparticles with 
the greatest fraction of atoms on their defective corners and edges are the most 
catalytically active while the cubic nanoparticles with the smallest fraction of atoms on 
the defective corners and edges are the least catalytically active.  The spherical 
nanoparticles have a catalytic activity that is intermediate to that observed with the 
tetrahedral and cubic nanoparticles and have an intermediate fraction of atoms on the 
defective corners and edges.  During the course of the entire reaction (2 days), it is 
observed that dissolution of atoms on the corners and edges of the tetrahedral and cubic 
nanoparticles result in distorted tetrahedral and distorted cubic nanoparticles as shown in 
Chapter 6.  It is observed that with the distortion in the shape of the tetrahedral and cubic 
nanoparticles, there is a corresponding change in the activation energy of the reaction. 
A detailed examination of the stability of spherical palladium nanoparticles in 
colloidal solution used to catalyze the Suzuki reaction has also been conducted as shown 
in Chapter 7.   In the case of the Suzuki reaction with the spherical PVP-Pd 
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nanoparticles as catalysts, it is observed that the Pd nanoparticles grow larger after the 
first cycle of the reaction due to Ostwald ripening processes.  After the second cycle, the 
larger nanoparticles aggregate and precipitate out of solution leaving the smaller 
nanoparticles left in solution.  In addition, studies in the presence of individual reactants 
have shown that the nanoparticles grow larger in the presence of iodobenzene and that the 
Ostwald ripening process is severely diminished in the presence of phenylboronic acid.  
These observations provide clues to the surface catalytic mechanism in which 
phenylboronic acid binds to the nanoparticle surface and reacts with iodobenzene via 
collisional processes.  A comparison between the use of PVP-Pd and dendrimer-Pd 
nanoparticles as catalysts was conducted in order to find out the effect of the stabilizer on 
the stability of the nanoparticles in Chapter 8.  It is observed that when PAMAM-OH 
Generation 4 dendrimer is used as the stabilizer for the Pd nanoparticles, the 
nanoparticles continue to grow during the second cycle of the Suzuki reaction.  The 
higher the generation of the dendrimer, the better its capping action is.  As a result, the 
strong capping action of the dendrimer results in the nanoparticles being more resistant to 
aggregation and precipitation.  Studies in the presence of individual reactants support the 
mechanism of surface catalysis developed with the studies on the PVP-Pd nanoparticles.   
In the literature, there have been recent studies that have shown that platinum 
complexes can catalyze the Suzuki reaction, but spherical platinum nanoparticles were 
found to not catalyze the Suzuki reaction.  Since we have shown previously that the 
tetrahedral PVP-Pt nanoparticles can catalyze the electron transfer reaction, we decided 
to see if the colloidal tetrahedral Pt nanoparticles can catalyze the Suzuki reaction in 
Chapter 9.  It is observed that the tetrahedral Pt nanoparticles can catalyze the Suzuki 
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reaction, but is not as catalytically active as the spherical palladium nanoparticles.  In 
addition, it is observed that the tetrahedral platinum nanoparticles transform into the more 
stable spherical shape during the Suzuki reaction and in the presence of the all conditions 
except in the presence of phenylboronic acid.  After the second cycle of the Suzuki 
reaction, it is observed that the transformed spherical nanoparticles become larger in size.  
In the presence of phenylboronic acid, the Pt nanoparticles maintain their tetrahedral 
shape and are similar in size to the tetrahedral Pt nanoparticles before any perturbations.  
As a result, these results also support the catalytic mechanism we have proposed for the 
Suzuki reaction. 
FTIR has been used to investigate the mode of binding of phenylboronic acid to 
the palladium nanoparticle surface in Chapter 10.  It was determined that the 
phenylboronate anion binds to the palladium nanoparticle surface by the bridged mode of 
binding through the O- group.  It was also determined that iodobenzene does not interact 
with the nanoparticle surface since there are no shifts in the characteristic infrared 
vibrational modes associated with iodobenzene.  The FTIR studies confirm the 
mechanism of surface catalysis we proposed previously and also show the mode of 
binding of the phenylboronic acid to the nanoparticle surface. 
Since these studies have shown that colloidal metal nanoparticles are unstable and 
undergo changes in their morphology (changes in the size and shape) during their 
catalytic function, there is a need to use alternative types of nanocatalysts.  One 
possibility is to use supported metal nanoparticles as catalysts for a variety of reactions.  
Since carbon is a very common support material used for the preparation of supported 
nanoparticles, we have used this in our investigations.  The use of carbon supported 
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spherical palladium nanoparticles as catalysts for the Suzuki reaction has been compared 
to that of the colloidal spherical palladium nanoparticles studied previously in Chapter 
11.  It is observed that the carbon supported spherical palladium nanoparticles are less 
catalytically active than the colloidal spherical palladium nanoparticles during the first 
cycle of the Suzuki reaction, but the supported palladium nanoparticles demonstrate 
almost double the recycling potential than that observed with the colloidal spherical 
palladium nanoparticles.  It is observed that the carbon supported spherical palladium 
nanoparticles continue to grow in size after the first and second cycle and the width of the 
size distribution is not very broad unlike the colloidal spherical palladium nanoparticles.  
The presence of the large amount of the carbon support could account for the continued 
growth of the nanoparticles that occur and also the preservation of the catalytic activity 
during the second cycle of the Suzuki reaction. 
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2.1  Preparation of Colloidal Transition Metal Nanoparticles 
 
2.1.1  Spherical PVP-Pt Nanoparticles 
The spherical PVP-Pt nanoparticles were synthesized by the reduction of the Pt+2 
ions with ethanol similar to a method described previously1-3 except that the K2PtCl4 
precursor salt was used instead of PdCl2.  The method described previously1-3 was used to 
prepare PVP-capped palladium nanoparticles.  A 0.01 M stock solution of the precursor 
K2PtCl4 salt was prepared in a volumetric flask, sonicated for three hours, and allowed to 
age for one day prior to use.  During the aging process, the volumetric flask was covered 
with aluminum foil and kept in a dark place.  A solution containing 3 mL of the 0.01 M 
K2PtCl4 precursor salt, 33 mL of doubly deionized water, 0.0667 g PVP, and 4 drops of 1 
M HCl was heated.  The concentration of Pt+2 ions present in the solution is 6 x 10-4 M. 
When the solution refluxes, 14 mL of ethanol was added.  The solution is refluxed for 
three hours and the resulting colloidal solution is dark brown.  A drop of the colloidal 
solution is placed onto a Formvar stabilized copper grid and allowed to dry for 2 hours.  
The 100C TEM is used to image the nanoparticles. 
 
2.1.2  Tetrahedral PVP-Pt Nanoparticles 
The PVP stabilized tetrahedral Pt nanoparticles were prepared using H2 reduction 
methods described previously4-5 with some modifications.  The precursor platinum salt 
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used is K2PtCl6 and the stabilizer used is PVP (mw = 360,000).  A 500 mL 3-neck flask 
equipped with a gas trap was used for the synthesis of the nanoparticles.  A 0.01 M stock 
solution of the K2PtCl6  precursor salt was prepared, sonicated for three hours, and 
allowed to age for one day prior to use.  During the aging process, the volumetric flask 
was covered with aluminum foil and stored in a dark place.  Two hundred fifty mL of 
doubly deionized water, 2 mL of 0.01 M K2PtCl6, and 0.25 g of PVP was added to the 
flask.  No adjustment of the pH of the solution is needed and the synthesis is conducted at 
the solution’s “natural pH”.  After the solution is thoroughly mixed, argon is bubbled for 
20 minutes and then hydrogen gas is bubbled for 5 minutes.  The argon can be bubbled at 
any flow rate desired since the main purpose of bubbling argon is to get rid of oxygen 
present in the solution prior to the synthesis.  The hydrogen gas is bubbled at a flow rate 
of 15 psi for 5 minutes.  The flask is then sealed, wrapped in aluminum foil, and stored in 
the dark for 24 hours.  The resulting colloidal solution is light brown.  A drop of the 
colloidal solution is placed onto a Formvar stabilized copper grid and allowed to dry for 2 
hours.  The 100C TEM is used to image the nanoparticles. 
 
2.1.3  Cubic Polyacrylate-Pt Nanoparticles 
The polyacrylate stabilized Pt nanoparticles were prepared using the H2 reduction 
method described previously4 with a few modifications.  The precursor platinum salt used 
is K2PtCl4 and the stabilizer used is polyacrylate (mw = 2,100).  A 500 mL 3-neck flask 
equipped with a gas trap was used for the synthesis and this flask was thoroughly cleaned 
with Aqua Regia for 2 hours immediately before the synthesis.  Cleaning the flask with 
fresh Aqua Regia is extremely important for the successful production of dominantly 
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cubic platinum nanoparticles.  A 0.01 M stock solution of the K2PtCl4  precursor salt was 
prepared, sonicated for three hours, and allowed to age for one day prior to use.  A 0.1 M 
stock solution of the sodium polyacrylate was prepared and sonicated for 30 minutes 
prior to synthesis.  It is important to prepare the polyacrylate immediately prior to the 
synthesis since so that it is a fresh solution.  During the aging process, the volumetric 
flask was covered with aluminum foil and stored in a dark place.  Two hundred fifty mL 
of doubly deionized water, 2 mL of 0.01 M K2PtCl4, and 1mL of 0.1 M polyacrylate were 
added to the flask.  The solution was adjusted to a pH of 9 prior to synthesis.  After the 
solution is thoroughly mixed, argon is bubbled for 20 minutes and then hydrogen gas is 
bubbled for 5 minutes.  The argon can be bubbled at any flow rate desired since the main 
purpose of bubbling argon is to get rid of oxygen present in the solution prior to the 
synthesis.  The hydrogen gas is bubbled at a flow rate of 15 psi for 5 minutes.  The flask 
is then sealed, wrapped in aluminum foil, and stored in the dark for 24 hours.  The 
resulting colloidal solution is light brown.  A drop of the colloidal solution is placed onto 
a Formvar stabilized copper grid and allowed to dry for 2 hours.  The 100C TEM is used 
to image the nanoparticles. 
 
2.1.4  Spherical PVP-Pd Nanoparticles 
The spherical PVP-Pd nanoparticles were synthesized by the reduction of the Pd 
ions with ethanol similar to that described previously1-3.  The palladium precursor stock 
solution (H2PdCl4) was prepared by adding 0.0887 g of PdCl2, 6 mL of 0.2 M HCl, and 
diluting to 250 mL with doubly distilled water.  The concentration of the palladium 
precursor stock solution was 2 mM and it was prepared in a volumetric flask, sonicated 
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for three hours, and allowed to age for one day prior to use.   A solution containing 15 mL 
of 2 mM of H2PdCl4, 21 mL of doubly deionized water, 0.0667 g PVP, and 4 drops of 1 
M HCl was heated.  When the solution began to reflux, 14 mL of ethanol was added.  
The solution was then refluxed for three hours and this resulted in a dark brown colloidal 
Pd solution.  A drop of the colloidal solution is placed onto a Formvar stabilized copper 
grid and allowed to dry for 2 hours.  The 100C TEM is used to image the nanoparticles. 
 
2.1.5  Spherical Dendrimer-Pd Nanoparticles 
The PAMAM-OH dendrimer stabilized Pd nanoparticles were synthesized in a 
similar manner to that described previously5.  It is important to keep the PAMAM-OH 
Generation 4 dendrimer refrigerated at all times prior to use.  The dendrimer solution was 
rotovaped in order to remove the methanol solvent.  A 1 mM aqueous stock solution of 
the dendrimer and a 3 mM stock solution of the K2PdCl4 precursor salt were prepared.  
To prepare the nanoparticles, 90 mL of the dendrimer stock solution was added to 30 mL 
of the K2PdCl4 stock solution in a round-bottom flask.  The solution is stirred under 
nitrogen for five minutes prior to synthesis and this is accomplished by inserting a needle 
attached to the tubing connected to the nitrogen gas tank onto the rubber stopper sealing 
the round bottom flask.  An empty needle is also inserted onto the rubber stopper to 
prevent pressure buildup and to allow accumulated gas to exit.   A stock solution of 
sodium borohydride with a concentration of 0.36 M was prepared and it is important to 
prepare a fresh sodium borohydride stock solution immediately prior to the synthesis.  
Then, 2 mL of 0.36 M of sodium borohydride is added to the round-bottom flask.  The 
solution is stirred vigorously under nitrogen atmosphere for 1 hour.  The resulting 
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colloidal solution is dark brown.  A drop of the colloidal solution is placed onto a 
Formvar stabilized copper grid and allowed to dry for 2 hours.  The 100C TEM is used to 
image the nanoparticles. 
 
2.2  Preparation of Supported Transition Metal Nanoparticles 
 
2.2.1  Carbon Supported Spherical PVP-Pd Nanoparticles 
 The carbon supported spherical PVP-Pd nanoparticles are prepared using the 
adsorption method.  First, 25 mL of the colloidal spherical PVP-Pd nanoparticle solution 
is diluted to 50 mL by adding 25 mL of doubly distilled water.   Next, 50 mL of the 
diluted palladium nanoparticles is mixed with 1.0 gram of activated carbon.  The solution 
is then stirred vigorously at room temperature for 24 hours.  After this, the solution is 
centrifuged at 19,000 rpm for 30 minutes at 25o C in order to separate the liquid from the 
carbon support containing the adsorbed Pd nanoparticles.  The centrifugation process is 
continued for two more cycles in order to make sure that only the adsorbed nanoparticles 
remain in the carbon support and to remove as much of the reducing agent, metal ions, 
and metal atoms as possible.  The resulting slurry, which is the carbon support containing 
the adsorbed Pd nanoparticles, is poured onto a piece of filter paper and allowed to dry 
overnight.  The solid is gently crushed into a powder in order to use in catalytic 
processes.  The resulting solid is the spherical PVP-Pd nanoparticles adsorbed onto the 
activated carbon support.  In order to observe the nanoparticles by TEM, it is necessary to 
place a small amount of the powder into a solution of ethanol and sonicate it for an hour 
prior to spotting the solution onto a Formvar stabilized copper TEM grid.  The carbon-
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supported palladium nanoparticles are imaged by using the JEM 4000EX HRTEM since 
the use of high-resolution transmission electron microscopy results in the supported 
nanoparticles being seen more clearly than in the case of conventional transmission 
electron microscopy. 
 
2.3  Transmission Electron Microscopy (TEM) 
 
2.3.1 JEOL 100C to Study Size Distribution of Pt and Pd Nanoparticles Under Various 
Conditions 
 
The JEOL 100C TEM is used to determine any changes in the width and center of 
the size distributions of the transition metal nanoparticles after the first and second cycle 
of the reaction being studied.  In addition, TEM images are obtained after exposure to 
individual reactants involved in the reaction. 
 The metal nanoparticle samples were spotted by placing a drop of the solution 
onto a Formvar stabilized copper grid and allowing the drop to evaporate in air.  The 
spotted samples take approximately 2 hours to dry for aqueous solutions and 
approximately 30 minutes to dry for organic solutions.  Since the same deposition 
conditions are employed for all of the samples, the evaporation rate of the solvent is fairly 
reproducible from one sample to another.  For each experiment, the internal 
reproducibility of the observed particle size and distribution was verified by spotting the 
sample onto three separate TEM grids.  Also, TEM images were taken from different 
sections of the TEM grids to verify the particle size and distribution.  The general 
reproducibility of the observed particle size and distribution was verified by repeating 
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each experiment three times.  As a result, it is possible to compare the particle size and 
distribution changes under the various conditions. 
 The nanoparticle size and distribution was determined by counting approximately 
1800 nanoparticles from 9 enlarged TEM images (approximately 200 nanoparticles from 
each TEM image).  The size distribution plots were fit using a Gaussian model with the 
Microcal Origin 5.0 graphing software in order to determine the widths and centers of the 
size distributions.  The widths of the size distributions give an idea of how narrow or 
wide the size distributions are.  The centers of the size distributions are the most probable 
or average size of the nanoparticles (depending on the shape of the distribution). 
 
2.3.2 JEOL 100C to Study Shape Distribution of Pt Nanoparticles Under Various 
Conditions 
 
The stability of the platinum nanoparticle shapes before and after the different 
conditions is assessed by using TEM.  The nanoparticle samples were spotted by placing 
a drop of the solution onto a Formvar stabilized copper grid and allowing the drop to 
evaporate in air.  The spotted aqueous samples take approximately 2 hours to dry.  Since 
the same deposition conditions are employed for all of the samples, the evaporation rate 
of the solvent is fairly reproducible from one sample to another.  For each experiment, 
the internal reproducibility of the observed nanoparticle shape distribution was examined 
by spotting the sample onto three separate TEM grids.  Also, TEM images were taken 
from different sections of the TEM grids to verify the shape distribution.  The general 
reproducibility of the observed shape distribution was verified by conducting each of the 
experiments three times.  As a result, it is possible to compare the shape distribution 
changes under the various conditions. 
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For each experiment, approximately 1800 nanoparticles were counted (9 enlarged 
TEM images with approximately 200 nanoparticles in each image).  In the case of the 
dominantly tetrahedral PVP-Pt nanoparticles, the shapes that were counted are regular 
tetrahedral, distorted tetrahedral, and spherical nanoparticles.  The goal is to see if there 
are changes in the distribution of the nanoparticle shape under the different conditions.  
In these experiments, the size distributions of the nanoparticles were not conducted since 
when there are distorted tetrahedral nanoparticles, the size depends on the type of the 
distortion.  As a result, the shape distribution is used as a better indication of the stability 
of the nanoparticles after catalysis, recycling, or in the presence of the individual 
chemicals used in the reaction.  In the case of the dominantly cubic polyacrylate 
stabilized platinum nanoparticles, the shapes that were counted are regular cubes, 
distorted cubes, and truncated octahedral.  Here also, the size distribution was not 
conducted since in the case of distorted cubic nanoparticles, the size of the particle would 
depend on the type of distortion. 
 
2.3.3  JEM 4000EX HRTEM to Obtain Detailed View of Shape Changes 
The JEOL 4000EX HRTEM can be used to obtain high-resolution TEM images 
of the platinum nanoparticles and to observe their lattice fringes.  HRTEM images were 
obtained for a typical tetrahedral and cubic nanoparticle before the reaction, after the first 
cycle, and after exposing the nanoparticles to just the hexacyanoferrate (III) ions in the 
case of the electron transfer reaction.  In the case of the Suzuki reaction, HRTEM images 
were obtained before the reaction and after the second cycle of the reaction.  Images that 
have lattice fringes that can be clearly seen are obtained and are outlined for better 
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visualization of the shape.  These images are used to obtain proof of whether there are 
changes in the corners and edges of the tetrahedral and cubic nanoparticles under various 
conditions. 
 
2.3.4 JEM 4000EX HRTEM to Study Size Distribution of Supported Metal 
Nanoparticles 
 
The reaction mixture solutions containing the carbon supported spherical PVP-Pd 
nanoparticles are sonicated for an hour before spotting them onto TEM grids.  For 
spotting the samples, a dilute solution of the supported nanoparticles is used.  A drop of 
the dilute solution is placed onto a Formvar stabilized copper grid and the drop is allowed 
to evaporate in air.  The spotted samples take approximately 30 minutes to dry.  Since the 
same deposition conditions are employed for all samples, the evaporation rate of the 
solvent is fairly reproducible from one sample to another.  For each of the experiments, 
the internal reproducibility of the observed size distribution is verified by spotting the 
sample onto three separate TEM grids.  HRTEM images are also obtained from different 
sections of the TEM grids in order to verify the reproducibility of the size distribution.  
The general reproducibility of the size distribution is verified by conducting each of the 
experiments three times.  The nanoparticle size distribution is determined by counting 
approximately 1800 nanoparticles from nine enlarged HRTEM images (approximately 
200 nanoparticles from each HRTEM image).  The size distribution plots were fit using a 
Gaussian model with the Microcal Origin 5.0 graphing software in order to determine the 
widths and centers of the size distributions.  The widths of the size distributions give an 
idea of how narrow or wide the size distributions are.  The centers of the size 
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distributions are the most probable or average size of the nanoparticles (depending on the 
shape of the distribution). 
 
2.4  Catalysis 
 
2.4.1  Electron Transfer Reaction 
The platinum nanoparticle solution is adjusted to a pH of 7 by the addition of 
NaOH or HCl as appropriate before conducting the reaction.  A 0.01 M stock solution of 
hexacyanoferrate (III) ions was prepared using the potassium hexacyanoferrate (III) salt.  
A 0.1 M stock solution of thiosulfate ions was prepared using the sodium thiosulfate salt.  
The pH of both stock solutions was adjusted to 7 in order to conduct the reaction at a pH 
of 7.  The electron transfer reaction between hexacyanoferrate (III) ions and thiosulfate 
ions was carried out by adding 200 µL of 0.01 M potassium hexacyanoferrate (III) ions 
and 200 µL of 0.1 M sodium thiosulfate to 2 mL of the platinum nanoparticles.  To do a 
control experiment without the presence of a catalyst, 2 mL of doubly distilled water is 
added instead of 2 mL of the catalyst. 
 
2.4.2  Recycling for the Second Cycle of the Electron Transfer Reaction 
In order to recycle the nanoparticles, the absorption spectra is taken to make sure 
that all of the hexacyanoferrate (III) ions are used up signaling that the first cycle of the 
reaction is over.  Basically, the hexacyanoferrate (III) ions absorb at 420 nm, and if there 
is no peak present in this region, this signals that there is no more hexacyanoferrate (III) 
ions present in the reaction mixture or the amount present is lower than the detection 
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limit of the Shizmadzu UV-VIS-NIR spectrophotometer.  After the first cycle of the 
electron transfer reaction is completed, the second cycle of electron transfer reaction is 
initiated by adding 2 µL of 1 M potassium hexacyanoferrate (III) and 2 µL of 1 M 
sodium thiosulfate to the solution.  Both the 1 M potassium hexacyanoferrate (III) stock 
solution and the 1 M sodium thiosulfate stock solution are adjusted to a pH of 7 prior to 
their use.  Since the volume increase is only 4 µL for a total volume of 2.404 mL, the 
concentrations of the platinum nanoparticle solutions are about the same as in the first 
cycle.  Since there is negligible difference in the concentrations, the stability and catalytic 
activity of the nanoparticles can be compared for the first and second cycle. 
 
2.4.3  Kinetics of the Electron Transfer Reaction 
The kinetics of the electron transfer reaction was monitored by using absorption 
spectroscopy with a Shizmadzu UV-VIS-NIR spectrophotometer.  The disappearance of 
the hexacyanoferrate (III) peak as a function of time was monitored by subtracting the 
absorption at 500 nm from the absorption at 420 nm.  At 420 nm, both the 
hexacyanoferrate (III) ions and the platinum nanoparticles absorb and at 500 nm, only the 
platinum nanoparticles absorb with an absorption coefficient very close to that at 420 nm.  
The absorbance was monitored every 10 minutes for 40 minutes.  The slope of the graph 
of –ln A vs. Time is the rate constant, k.  The rate constant of the reaction was 
determined at four different temperatures (25oC, 30oC, 40oC, and 45oC) for the four 
different concentrations of the catalyst.  In order to carry out the reaction at different 
temperatures, a brass cuvette holder connected with tubes to the ethylene glycol bath was 
placed inside the spectrophotometer.  The quartz cell was placed in the brass holder and 
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heated to the desired temperature.  A thermocouple was placed in the brass holder to 
monitor the temperature throughout the whole experiment.  From the slope of the graph 
ln k vs. 1000/T, the activation energy of the reaction was determined.  The activation 
energy of the reaction was determined for all 4 different concentrations of the spherical 
platinum nanocatalysts for the first and second cycle of the reaction.  A comparison of the 
activation energy was also conducted for the tetrahedral, cubic, and spherical platinum 
nanoparticles. 
 
2.4.4  Suzuki Reaction 
The Suzuki reaction between phenylboronic acid and iodobenzene was catalyzed 
using the spherical PVP-Pd nanoparticles as described previously1-2, 6.   For this reaction, 
0.49 g (6 mmol) of sodium acetate, 0.37 g (3 mmol) of phenylboronic acid, and 0.20 g (1 
mmol) of iodobenzene was added to 150 mL of 3:1 acetonitrile:water solvent.  It is very 
important to conduct this reaction using HPLC grade acetonitrile, which is the most pure 
form of the solvent.  In addition, the water used to generate the solvent mixture must be 
doubly distilled.  The use of other kinds of acetonitrile (non-HPLC grade) can sometimes 
result in no reaction taking place and this could be due to impurities that are present.  In 
addition, the sodium acetate is necessary to activate the reaction.  When the sodium 
acetate is not present, the reaction does not take place.  The reaction mixture was heated 
to 100 oC and 5 mL of the PVP-Pd nanoparticles was added to start the reaction.  The 
reaction mixture was refluxed for a total of 12 hours.  In the case of the dendrimer-Pd 
nanoparticles used as catalysts for the Suzuki reaction, 5 mL of the nanoparticles was 
added to start the reaction.  In the case of the tetrahedral PVP-Pt nanoparticles as 
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catalysts for the Suzuki reaction, 15 mL of the nanoparticles are added in order to start 
the reaction. 
 
2.4.5  Recycling for the Second Cycle of the Suzuki Reaction 
The same reaction mixture solution was used for recycling after the addition of 
fresh amounts of the reactants.  For recycling, an assumption was made that all of the 
iodobenzene was used up since it is the limiting reactant.  Initially there is 1 mmol 
iodobenzene and 3 mmol phenylboronic acid present in the reaction mixture.  After the 
first cycle, it is assumed that there is no iodobenzene left and 2 mmol phenylboronic acid 
left.  As a result, for the second cycle, 1 mmol iodobenzene and 1 mmol phenylboronic 
acid were added.  The reaction mixture was then refluxed for another 12 hours to 
complete the second cycle.  The same procedure for recycling the catalysts for the Suzuki 
reaction was followed for all three types of nanocatalysts (spherical PVP-Pd 
nanoparticles, spherical PAMAM-OH Generation 4 Pd nanoparticles, tetrahedral PVP-Pt 
nanoparticles). 
 
2.4.6  Determination of Biphenyl Product Yield by HPLC 
HPLC measurements were conducted on a Hitachi-4500 HPLC equipped with a 
L4500A diode array detector in which the absorbance was monitored at 254 nm.  The 
separation was carried out on a reversed-phase packed column (Rainin Microsorb-MV 
C18, 300 Angstroms, dim 4.6 x 250 mm) using a 60:40 acetonitrile-water mixture and a 
flow rate of 1 mL/min.  The area of the chromatographic peaks was calculated with a D-
6000 interface-integrator.  A calibration curve for determining the concentration of 
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biphenyl was constructed by plotting the peak area vs. concentration of biphenyl 
standards.  The standards prepared were 0.0005 M, 0.001 M, 0.0015 M, 0.002 M, 0.0025 
M, and 0.003 M biphenyl.  For all of the HPLC measurements, the samples were diluted 
to ¼ of the original concentration so that the peak areas will be within the range of the 
calibration curve.  The actual concentration present in the sample was determined by 
taking the concentration of the diluted sample and multiplying by 4.  The concentration 
of biphenyl was determined before the first cycle, after the first cycle, before the second 
cycle, and after the second cycle.  Also, the effect of PVP on the amount of biphenyl 
formed was also determined.  In addition, the impact of the presence of biphenyl in the 
Suzuki reaction mixture on the formation of additional biphenyl product was also 
investigated by using HPLC. 
 
2.5  References 
1. Li, Y.; Hong, X. M.; Collard, D. M.; El-Sayed, M. A. Org. Lett. 2000, 2(15), 
2385. 
 
2. Li, Y.; Boone, E.; El-Sayed, M. A. Langmuir 2002, 18, 4921. 
 
3. Teranishi, T.; Miyake, M Chem. Mater. 1998, 10, 594. 
4. Ahmadi, T. S.; Wang, Z. L.; Green, T. C.; Henglein, A.; El-Sayed, M. A. Science, 
1996, 272, 1924. 
 
5. Yu, Y.; Xu, B., Chin. Sci. Bull., 2003, 48(23), 2589. 
 










THE EFFECT OF CATALYTIC ACTIVITY ON THE METALLIC SIZE 
DISTRIBUTION:  THE ELECTRON TRANSFER REACTION  
BETWEEN HEXACYANOFERRATE (III) IONS AND  
THIOSULFATE IONS CATALYZED BY  
PVP-PLATINUM NANOPARTICLES 
 
3.1  Abstract 
The electron transfer reaction between hexacyanoferrate (III) ions and thiosulfate 
ions is known to be catalyzed by platinum nanoparticles.  In the present study, the 
stability and catalytic activity of the PVP-Pt nanoparticles during its catalytic function for 
this electron transfer reaction is studied.  The stability of the nanoparticles after various 
perturbations was assessed using TEM and the kinetics of the reaction was followed 
using absorption spectroscopy.  The studies were conducted on four different 
concentrations of PVP-Pt nanoparticles.   
It was found that the average size and width of the PVP-Pt nanoparticles 
decreases slightly after the first and second cycle of the electron transfer reaction.  The 
size and distribution width do not change in the presence of just the thiosulfate reactant 
while the presence of just the hexacyanoferrate reactant results in a reduction of the 
nanoparticle size.  The reduction in the nanoparticle size in the presence of 
hexacyanoferrate (III) ions is proposed to result from dissolving surface Pt atoms by 
complexation with the strong cyanide ligand.  Thiosulfate ions bind to the nanoparticle 
surface and acts as a capping material resulting in the stability of the nanoparticles.  From 
these observations, it is possible that the surface catalytic mechanism involves the 
thiosulfate ions binding to the free sites on the surface of the nanoparticles followed by 
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the reaction with hexacyanoferrate ions approaching the nanoparticle surface from the 
solution.  Conducting the reaction with the nanoparticles pre-exposed to thiosulfate 
results in very little change in the centers and widths of the size distributions of the 
nanoparticles, thus suggesting that thiosulfate ions bind to the nanoparticle surface and 
inhibits desorption of Pt atoms by hexacyanoferrate (III) ions.  The kinetics of the 
electron transfer reaction during the first and second cycle is similar.  The activation 
energy of the nanoparticle catalytic reaction is found to decrease linearly with increasing 
nanoparticle concentration during both the first and second cycle.  If increasing the 
nanoparticle concentration leads to more aggregation, then these results suggest that the 
aggregated Pt has more catalytic activity than the individual nanoparticles. 
 
3.2  Introduction 
Due to their large surface to volume ratio, nanoparticles offer higher catalytic 
efficiency per gram than larger size materials.  The field of nanocatalysis has been very 
active lately with numerous review articles published during the past decade in both 
heterogeneous catalysis in which the nanoparticles are supported on solid surfaces (e.g. 
silica or alumina)1-13 and in homogeneous catalysis with colloidal nanoparticles14-21.  
Being small in size is expected to increase the nanoparticle surface tension.  This makes 
surface atoms very active.  The question is now raised as to how active they become.  Are 
they active beyond their catalytic function and thus become reactants rather than 
catalysts?  Are they active enough to change their own shape or size during the catalysis? 
In the bulk of the catalysis with colloids, TEM characterization of the 
nanoparticles before and after catalysis is not given.  However, there are a few studies in 
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the literature where the size distribution of the nanoparticles after recycling along with 
the catalytic activity is reported for characterization.  Such studies have been conducted 
on reactions such as the hydrogenation of ethyl pyruvate22, hydrogenation of arenes23, 
carbonylation of methanol24, the intra- and inter-molecular Paulson-Khand reactions25, 
hydrogenation of alkenes26, and the Suzuki reaction between phenylboronic acid and 
iodobenzene27.  There also have been some papers that discuss the catalytic activity of the 
nanoparticles upon recycling, but which do not examine the stability of the nanoparticles 
after catalysis.  Such studies were conducted for reactions like hydrogenation of 
alkenes28, Heck reaction between aryl halides and n-butylacrylate29, hydrogenation of 
olefins30, and hydrogenation of unsaturated fatty acid esters31.  In the review article on 
transition metal colloids32, it was pointed out that the major interest of reusability of the 
nanoparticle catalysts has not been systematically studied or published in the metal 
colloid literature.   
For reactions catalyzed by metal nanoparticles in colloidal solution, there has 
been very few detailed examinations in the literature of what causes size distribution 
changes, the effect of the various chemicals, and whether the changes in the nanoparticles 
affects the catalytic activity upon recycling.  A detailed examination is necessary in order 
to evaluate the nanoparticles’ usefulness in catalyses and to understand in detail the 
mechanism of “nanocatalysis”.  This will enable a much better understanding of what 
kind of nanoparticles are the best for catalysis and also provide insight on how to make 
the nanoparticles more stable and maintain their catalytic activity. 
We have previously conducted a detailed examination of the stability of PVP-Pd 
nanoparticles catalyzing the Suzuki reaction between phenylboronic acid and 
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iodobenzene27.  We found that the nanoparticles increased in size after the first cycle of 
the reaction and decreased in size after the second cycle of the reaction.  The increase in 
the size of the nanoparticles was attributed to Ostwald ripening of the nanoparticles and 
the decrease in size after the second cycle was blamed on the aggregation and 
precipitation of the large nanoparticles.  The effect of the individual chemicals involved 
in the reaction was also examined.  It was also found that the catalytic activity greatly 
diminished upon recycling which is due to a lower number of nanoparticles present in 
solution due to the larger nanoparticles aggregating and precipitating out of solution and 
also due to biphenyl product poisoning the active sites. 
The electron transfer reaction between hexacyanoferrate (III) ions and thiosulfate 
ions results in the formation of hexacyanoferrate (II) ions and tetrathionate ions.  The 
reaction can even proceed without a catalyst, but occurs at a very slow rate.  The electron 
transfer reaction has been recently catalyzed using various metal nanoparticles as 
catalysts.  Citrate-capped gold nanoparticles33-34, platinum nanoparticles prepared in situ 
in water-in-oil microemulsions by the aerosol-OT (AOT)-water-heptane system35, and 
polyacrylate stabilized platinum nanoparticles36 have all been used to catalyze the 
electron transfer reaction between hexacyanoferrate (III) ions and thiosulfate ions to form 
hexacyanoferrate (II) ions and tetrathionate ions. 
In this paper, the stability of PVP-Pt nanoparticles after catalyzing the electron 
transfer reaction between hexacyanoferrate (III) and thiosulfate ions and after recycling 
for the second cycle was assessed by using TEM to see if there are any changes in the 
widths and centers of the size distributions of the nanoparticles.  The effect of the 
individual chemicals involved in the reaction on the stability of the nanoparticles was 
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also studied.  The catalytic activity of the nanoparticles during the first and second cycle 
of the reaction was assessed using absorption spectroscopy to follow the kinetics and 
determine the activation energy. 
We found that after the first and second cycle of the electron transfer reaction, the 
centers and widths of the size distributions of the PVP-Pt nanoparticles decrease slightly.  
The presence of hexacyanoferrate (III) ions results in a great reduction in the size of the 
nanoparticles which could be due to it reacting with the Pt atoms in the nanoparticle 
surface and dissolving the atoms.  The presence of thiosulfate ions results in the 
nanoparticles maintaining their size which could be due to it binding to the nanoparticle 
surface.  As a result, it is proposed that the surface catalytic mechanism involves 
thiosulfate ions binding to the nanoparticle surface and reacting with hexacyanoferrate 
(III) ions in solution.  Conducting the reaction with the nanoparticles pre-exposed to 
thiosulfate resulted in very little change in the nanoparticle size suggesting that the 
binding of the thiosulfate ions onto the nanoparticle surface inhibits desorption of Pt 
atoms by hexacyanoferrate (III) ions during catalysis.  The kinetics of the reaction is 
found to be similar in both cycles and in both cases, the activation energy decreases 
linearly with increasing nanoparticle concentration. 
 
3.3  Experimental Section 
 
3.3.1  Synthesis of PVP-Pt Nanoparticles 
 The PVP-Pt nanoparticles were synthesized by the reduction of the Pt+2 ions with 
ethanol similar to a method described previously37-39 except that the K2PtCl4 salt was 
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used.  A solution containing 15 mL of 2 mM of K2PtCl4, 21 mL of doubly deionized 
water, 0.0667 g PVP, and 4 drops of 1 M HCl was heated.  The concentration of Pt+2 ions 
present in the solution is 6 x 10-4 M. When the solution refluxes, 14 mL of ethanol was 
added.  The solution is refluxed for three hours and the resulting colloidal solution is dark 
brown.  A drop of the colloidal solution is placed onto a Formvar stabilized copper TEM 
grid and JEOL 100C TEM is used to determine the average size of the nanoparticles.  
Based on the average size and width of the nanoparticles, the average concentration of 
the PVP-Pt nanoparticles formed is 13.9 nM + 1.9 nM.  The concentration is determined 
using the formula of ([Pt+2 ions]*NA)/(VNP/VPt atom)  where NP is nanoparticle and V is 
volume. 
 
3.3.2  Electron Transfer Reaction 
Four PVP-Pt nanoparticle solutions of lower concentrations were prepared from 
the stock nanoparticle solution (3.2 + 0.4 nM, 2.2 + 0.3 nM, 1.8 + 0.3 nM, and 1.5 + 0.2 
nM).  All of the nanoparticle solutions were adjusted to a pH of 7 by the addition of 
NaOH.  For the electron transfer reaction between hexacyanoferrate (III) ions and 
thiosulfate ions, 200 µL of 0.01 M potassium hexacyanoferrate (III) and 200 µL of 0.1 M 
sodium thiosulfate was added to 2 mL of the PVP-Pt nanoparticles.  Since the total 
volume is 2.40 mL, the final concentrations of the PVP-Pt nanoparticle solutions are 2.7 









3.3.3 Recycling PVP-Pt Nanoparticles for Second Cycle of Electron Transfer Reaction 
 
 In order to recycle the nanoparticles, the absorption spectra is taken to make sure 
that all of the hexacyanoferrate (III) ions are used up signaling that the first cycle of the 
reaction is over.  After the first cycle of the electron transfer reaction is completed, the 
second cycle of electron transfer reaction is initiated by adding 2 µL of 1 M potassium 
hexacyanoferrate (III) and 2 µL of 1 M sodium thiosulfate to the solution.  Since the 
volume increase is only 4 µL for a total volume of 2.404 mL, the concentrations of the 
PVP-Pt nanoparticle solutions are about the same as in the first cycle (2.7 + 0.4 nM, 1.9 + 
0.3 nM, 1.5 + 0.2 nM, and 1.2 + 0.2 nM).  Since there is negligible difference in the 
concentrations, the stability and catalytic activity of the nanoparticles can be compared 
for the first and second cycle.  The effect of recycling the catalyst on the stability of the 
nanoparticles was assessed using TEM and the kinetics and activation energy of the 
reaction with the recycled nanoparticles was compared to those during the first cycle by 
using absorption spectroscopy. 
 
3.3.4  Kinetics of Electron Transfer Reaction 
 The kinetics of the reaction was monitored by using absorption spectroscopy with 
a Shizmadzu UV-VIS-NIR spectrophotometer.  The disappearance of the 
hexacyanoferrate (III) peak as a function of time was monitored by subtracting the 
absorption at 500 nm from the absorption at 420 nm.  At 420 nm, both the 
hexacyanoferrate (III) ions and the platinum nanoparticles absorb and at 500 nm, only the 
platinum nanoparticles absorb with an absorption coefficient very close to that at 420 nm.  
The absorbance was monitored every 10 minutes for 40 minutes.  The slope of the graph 
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of –ln A vs. Time is the rate constant, k.  The rate constant of the reaction was 
determined at four different temperatures (25oC, 30oC, 40oC, and 45oC) for the four 
different concentrations of the catalyst.  In order to carry out the reaction at different 
temperatures, a brass cuvette holder connected with tubes to the ethylene glycol bath was 
placed inside the spectrophotometer.  The quartz cell was placed in the brass holder and 
heated to the desired temperature.  A thermocouple was placed in the brass holder to 
monitor the temperature throughout the whole experiment.  From the slope of the graph 
ln k vs. 1000/T, the activation energy of the reaction was determined.  The activation 
energy of the reaction was determined for all 4 different concentrations of the catalyst for 
the first and second cycle of the reaction. 
 
3.3.5  Stability of the PVP-Pt Nanoparticles in Various Conditions 
 The JEOL 100C TEM is used to determine any changes in the width and center of 
the size distributions of the PVP-Pt nanoparticles after the first and second cycle of the 
reaction.  This was done for all four concentrations of the nanoparticle catalyst.  The 
effect of hexacyanoferrate (III) ions on the PVP-Pt nanoparticles and the effect of 
thiosulfate ions on the PVP-Pt nanoparticles were also assessed by using TEM to find out 
if any changes occur due to the presence of either of the reactants by itself.  The 
absorption spectra of the nanoparticles in the presence of hexacyanoferrate (III) ions were 
also followed at 0 min and after 2 days to see if there are any changes in the spectra.  
Also, the effect of catalyzing the reaction with PVP-Pt nanoparticles pre-exposed to 
thiosulfate ions on the nanoparticle size was examined. 
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 The PVP-Pt nanoparticle samples were spotted by placing a drop of the solution 
onto a Formvar stabilized copper grid and allowing the drop to evaporate in air.  The 
spotted samples take approximately 2 hours to dry since they are aqueous.  Since the 
same deposition conditions are employed for all of the samples, the evaporation rate of 
the solvent is fairly reproducible from one sample to another.  For each experiment, the 
internal reproducibility of the observed particle size and distribution was verified by 
spotting the sample onto three separate TEM grids.  Also, TEM images were taken from 
different sections of the TEM grids to verify the particle size and distribution.  The 
general reproducibility of the observed particle size and distribution was verified by 
repeating each experiment three times.  As a result, it is possible to compare the particle 
size and distribution changes under the various conditions. 
 The nanoparticle size and distribution was determined by counting approximately 
1800 nanoparticles from 9 enlarged TEM images (approximately 200 nanoparticles from 
each TEM image).  The size distribution plots were fit using a Gaussian model with 
Microcal Origin 5.0 graphing software in order to determine the widths and centers of the 
size distributions.  The widths of the size distributions give an idea of how narrow or 
wide the size distributions are.  The centers of the size distributions are the most probable 







3.4  Results and Discussion 
 
 
3.4.1  Stability of PVP-Pt Nanoparticles 
 
The stability of the PVP-Pt nanoparticles after the first and second cycle of the 
electron transfer reaction is investigated to find out whether there are any changes in the 
width and center of the size distributions of the nanoparticles after a mild reaction.  The 
TEM images and Gaussian fits of the size distributions of the 2.7 + 0.4 nM PVP-Pt 
nanoparticles for the various conditions are obtained and discussed here and the results 
for the other three concentrations of PVP-Pt nanoparticles are summarized in Table 3.1.  
Table 3.1—Widths (W) and Centers (C) of Gaussian Fits of the Size Distributions of the 

























W:  0.7 + 0.1 
C:  5.0 + 0.1 
W:  0.7 + 0.1 
C:  4.9 + 0.1 
W:  0.7 + 0.1 
C:  4.9 + 0.1 
W:  0.7 + 0.1 




W:  0.7 + 0.1 
C:  4.8 + 0.1 
W:  0.6 + 0.1 
C:  4.8 + 0.1 
W:  0.7 + 0.1 
C:  4.8 + 0.1 
W:  0.6 + 0.1 





W:  0.5 + 0.1 
C:  4.7 + 0.1 
W:  0.5 + 0.1 
C:  4.7 + 0.1 
W:  0.6 + 0.1 
C:  4.7 + 0.1 
W:  0.5 + 0.1 





W:  0.8 + 0.1 
C:  4.9 + 0.1 
W:  0.7 + 0.1 
C:  4.9 + 0.1 
W:  0.7 + 0.1 
C:  4.9 + 0.1 
W:  0.8 + 0.1 




W:  0.7 + 0.1 
C:  4.9 + 0.1 
 
W:  0.7 + 0.1 
C:  4.9 + 0.1 
W:  0.7 + 0.1 
C:  4.9 + 0.1 
W:  0.7 + 0.1 





W:  0.7 + 0.1 
C:  4.9 + 0.1 
W:  0.7 + 0.1 
C:  4.9 + 0.1 
W:  0.7 + 0.1 
C:  4.8 + 0.1 
W:  0.7 + 0.1 





W:  0.6 + 0.1 
C:  3.8 + 0.1 
W:  0.6 + 0.1 
C:  3.7 + 0.1 
W:  0.5 + 0.1 
C:  3.8 + 0.1 
W:  0.6 + 0.1 
C:  3.8 + 0.1 
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3.4.2  Effect of Catalysis and Recycling 
Figure 3.1a shows a typical TEM image of the PVP-Pt nanoparticles immediately 
after the addition of the reactants, hexacyanoferrate (III) ions and thiosulfate ions (time = 
0).  Figure 3.1b shows the Gaussian fits of the size distributions of the PVP-Pt 
nanoparticles at time = 0.  It can be seen that the PVP-Pt nanoparticles are monodisperse 
with the centers of distributions = 4.9 + 0.1 nm and widths of distributions = 0.7 + 0.1 
nm.  Figure 3.1c shows a typical TEM image of the PVP-Pt nanoparticles after the first 
cycle of the reaction while Figure 3.1d shows the Gaussian fits of the size distributions of 
the PVP-Pt nanoparticles after the first cycle of the reaction.  By comparing the widths 
and centers of distributions after the first cycle to those before the reaction, it can be seen 
that there is a 2% decrease in the centers and 14% decrease in the widths of the 
distributions.  The trend of the slight decrease in the size of the nanoparticles after the 
first cycle of the reaction occurs at all four concentrations of the PVP-Pt nanoparticle 
catalyst as shown in Table 3.1. 
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Figure 3.1—TEM images and Gaussian fits of the size distributions (CD) center of 
distribution and WD) width of distribution) of PVP-Pt nanoparticles (a,b) before the 
electron-transfer reaction, (c,d) after the first cycle of the electron-transfer reaction, (e,f) 
and after the second cycle of the electron-transfer reaction. 
 
Figure 3.1e shows the TEM images after recycling the PVP-Pt nanoparticles for 
the second cycle of the electron transfer reaction and Figure 3.1f shows the Gaussian fits 
of the size distributions of the nanoparticles after recycling them.  By comparing the 
widths and centers of the distributions with those before the reaction, it can be seen that 
the centers and widths of the distributions decrease by 4% and 29%, respectively after the 
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second cycle of the reaction.   An explanation of the slight decrease in the size of the 
nanoparticles is discussed later on in the section on the effect of chemicals.  This trend of 
the slight decrease in size after the second cycle is observed for all four concentrations of 
the PVP-Pt nanoparticles as shown in Table 3.1. 
 
3.4.3  Effect of the Individual Reactants on the Nanoparticles 
 The effects of the presence of individual reactants on the PVP-Pt nanoparticles 
have also been investigated.  The effect of exposing the nanoparticles to just thiosulfate 
ions was investigated.  Figure 3.2a shows a representative TEM image of the PVP-Pt 
nanoparticles prior to exposing them to thiosulfate ions and Figure 3.2b shows Gaussian 
fits of the size distributions of the nanoparticles.  Figure 3.2c shows a typical TEM image 
of the PVP-Pt nanoparticles after exposing them to thiosulfate ions for 2 days at 25 oC 
and Figure 3.2d shows Gaussian fits of the size distributions of these nanoparticles.  It 
can be seen that the presence of the thiosulfate ions does not affect the centers or the 
widths of the size distributions of the nanoparticles. This is true for all the four 
concentrations of the PVP-Pt nanoparticle catalyst as can be seen in Table 3.1.  The 
reason why the nanoparticles maintain their stability in the presence of the thiosulfate 
ions might be that the thiosulfate ions bind to the free sites on the nanoparticle surface 
and acts as a capping material.  It is well known in the literature40-47 that thiosulfate binds 
to metal surfaces such as silver, cadmium, palladium, nickel, aluminum, zinc, platinum, 
etc.  As a result, it is very logical to propose that the thiosulfate is binding to the free sites 




Figure 3.2— TEM images and Gaussian fits of the size distributions (CD) center of 
distribution and WD) width of distribution) of PVP-Pt nanoparticles (a,b) before exposure 
to thiosulfate ions [T], (c,d) after exposure to thiosulfate ions [T], (e,f) before exposure to 
hexacyanoferrate(III) ions [H], and (g,h) after exposure to thiosulfate ions [H]. 
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The effect of the presence of hexacyanoferrate (III) ions on the PVP-Pt 
nanoparticles has also been studied.  Figure 3.2e shows a representative TEM image of 
the PVP-Pt nanoparticles before exposing them to hexacyanoferrate (III) ions.  Figure 
3.2f shows Gaussian fits of the size distributions of the nanoparticles before exposing 
them to hexacyanoferrate (III) ions.  Figure 3.2g shows typical TEM images of the PVP-
Pt nanoparticles after exposing them to hexacyanoferrate (III) ions for 2 days at 25 oC.  
Figure 3.2h shows Gaussian fits of the size distributions of the nanoparticles.  The 
presence of just the hexacyanoferrate (III) ions causes the nanoparticles to become 
smaller in size, which can be seen by the shift in the center of the size distribution toward 
smaller sized nanoparticles by 22% and a decrease in the width of the size distribution by 
14%.  This shift in the center of the distributions is evident for all four concentrations of 
the catalyst as can be seen in Table 3.1.   
It is proposed that the reduction in size is due to the dissolving of surface Pt atoms 
by complexation with the strong cyanide ligand in hexacyanoferrate (III) ions.  The 
stability constants48 for Fe(CN)6-3 and Pt(CN)4-2 are 1031 and 1041 respectively.  Since the 
stability constant for the platinum complex is much higher than the iron complex, it is 
quite possible that the hexacyanoferrate (III) ions could decomplex and form the more 
stable platinum complex.  In order to examine this proposal, the absorption spectra of 
hexacyanoferrate (III) ions in the presence of the PVP-Pt nanoparticles were obtained at 0 
min and after 2 days.  No change in the intensity of the hexacyanoferrate (III) absorption 
peak at 420 nm was detected.  This might be due to a low value of the concentration lost 
causing the observed reduction in the size of the nanoparticles in solution.  Let us 
calculate the expected change in the hexacyanoferrate (III) concentration.  The 
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concentration of hexacyanoferrate (III) ions that could be lost is calculated in the 
presence of the highest concentration nanoparticles studied which is 2.7 + 0.4 nM.  First, 
the decrease in the volume of one nanoparticle in the solution before and after exposure 
to hexacyanoferrate (III) ions was calculated using the following formula;  ∆V = 4/3 π r13 
— 4/3 π r23, where r1 and r2 are the radii of the nanoparticle before and after exposure to 
hexacyanoferrate ions.  Using the density of Pt metal, the atomic volume of platinum is 
calculated to be 0.0151 nm3.  The number of Pt atoms lost by a nanoparticle is then 
calculated by dividing ∆V by the atomic volume of the platinum atom and is found to be 
2126 atoms per particle.  To find the molar concentration of hexacyanoferrate (III) ions 
lost, the following formula is used:  Molar Concentration of Nanoparticles*(2126/6).  
Based on the stoichiometry, it is assumed that each Fe(CN)6-3 dissolves 6 Pt ions.  Thus, 
lost hexacyanoferrate concentration = Nanoparticle concentration *( (2126 atoms of 
Pt/nanoparticle)/(6 Pt atoms/molecule of hexacyanoferrate) ).  This gives 1.0 + 0.2 µM.  
The initial concentration of hexacyanoferrate ions present is 833 µM and as a result the 
amount of hexacyanoferrate (III) ions lost is only 0.12% of the initial concentration, 
which is too small to be detected. 
The small changes in the centers and widths of the distributions after the first and 
second cycle compared to the large changes occurring in the presence of 
hexacyanoferrate ions alone could very well result from passivating the surface with the 
thiosulfate.  The hexacyanoferrate can then react with the thiosulfate as it cannot reach 
the surface Pt atoms.  Based on the tendency of thiosulfate ions to bind to the 
nanoparticle surface and to act as a capping agent, it is proposed that the mechanism of 
surface catalysis involves the thiosulfate ions binding to the free metal sites on the 
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surface of the nanoparticles followed by the reaction with hexacyanoferrate (III) ions 
approaching the nanoparticle surface from solution. 
In order to test this catalytic mechanism, we first exposed the PVP-Pt 
nanoparticles to thiosulfate ions and then initiated the electron transfer reaction by the 
addition of hexacyanoferrate (III) ions.  Figure 3.3a and 3.3b show typical TEM image 
and Gaussian fits of the nanoparticles before the electron transfer reaction with pre-
exposed Pt nanoparticles while Figure 3.3c and 3.3d show representative TEM image and 
Gaussian fits of the nanoparticles after the first cycle of the electron transfer reaction with 
the pre-exposed Pt nanoparticles.  Figure 3.3e and 3.3f shows the TEM image and 
Gaussian fits of the nanoparticles after the first cycle of the electron transfer reaction 
under normal conditions (repeat of Figure 3.1c and 3.1d) for comparison purposes.  It can 
be seen that there is very little change in the centers and widths of the size distributions 
after the reaction with the pre-exposed nanoparticles while under normal conditions, there 
is a narrowing of the size distribution, supporting the passivation effect of the pre-





Figure 3.3—TEM images and Gaussian fits of the size distributions (CD) center of 
distribution and WD) width of distribution) (a,b) before electron-transfer reaction with 
PVP-Pt nanoparticles pre-exposed to thiosulfate, (c,d) after first cycle of electron-transfer 
reaction with PVP-Pt nanoparticles pre-exposed to thiosulfate, and (e,f) after first cycle of 
the electron-transfer reaction with PVP-Pt nanoparticles under normal conditions. 
 
3.4.4  Catalytic Activity of PVP-Pt Nanoparticles During First and Second Cycle 
 The kinetics of the electron transfer reaction with PVP-Pt nanoparticles was 
followed by absorption spectroscopy in which the disappearance of the hexacyanoferrate 
(III) ion at 420 nm was monitored as a function of time at different temperatures.  The 
activation energy of the reaction was determined for each of the four concentrations of 
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the catalyst in the temperature range between 25 and 45 degrees C.  The kinetics of the 
reaction was followed at 25, 30, 40, and 45 degrees Celsius.  Table 3.2 and Table 3.3 
compare the kinetics of the reaction at the four different temperatures at four different 
concentrations of the catalyst for the first and second cycle.   
In order to follow the kinetics at the second cycle, the reaction was allowed to 
proceed completely at room temperature, more amount of fresh reactants were added, and 
the kinetics were followed at the different temperatures for the second cycle.  It can be 
seen that the kinetics of the reaction during the second cycle is similar to that of the first 
cycle.  This observation is consistent with the observation that very little changes in the 
nanoparticle size or its distribution occur and as a result, the catalytic activity could 
remain unchanged for the second cycle of the reaction.   
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It is worth noting that the effect of catalyst concentration on the activation energy 
of the reaction has not been studied using nanoparticle based catalysts.  However, in 
homogeneous catalysis (not nanoparticle based), there are a few papers49-55 that discussed 
the effect of the catalyst concentration on the activation energy of the reaction.  Out of 
these studies, some showed that the activation energy was dependent on the catalyst 
concentration such as the solid-state polycondensation of poly(ethylene terephtalate) 
catalyzed by antimony trioxide49, zinc octoate/nonylphenol catalyzed thermal cure of 
bisphenol A dicyanate50, and the thermal cure reaction in the presence of various 
transition metal acetyl acetonates and dibutyl tin dilaurate (DBTDL)51.  Also, some 
showed that the activation energy was independent of the catalyst concentration such as 
the reaction of epoxy resin with an acrylic copolymer catalyzed by 
dimethylbenzolamine52, the formation of polyurethanes catalyzed by dibutyltin dilaurate 
(DBTDL)53, the reaction of hydroxyl terminated polybutadiene with isophorone  
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diisocyanate with the ferric tris (acetyl acetonate) (FeAA) catalyst54, and the 
polycyclotrimerization of 4,4’-thiodiphenylcyanate catalyzed by n-nonylphenol55.   
Table 3.4 compares the activation energy at the different concentrations of the 
PVP-Pt nanoparticle solutions for the first and second cycles of the electron transfer 
reaction.  It can be seen that the activation energies for the four concentrations of 
catalysts during the second cycle are similar to those in the first cycle.  Figure 3.4a shows 
the plot of activation energy as a function of the catalyst concentration for the first cycle 
of the reaction.  A very interesting observation is that the activation energy decreases 
linearly with increasing concentration of the PVP-Pt nanoparticles. Figure 3.4b shows a 
plot of the activation energy vs. concentration of the PVP-Pt nanoparticle solution for the 
second cycle of the reaction.  It can be seen that the activation energy also decreases 
linearly with increasing concentration of the PVP-Pt nanoparticles for the second cycle.  
The changes in the activation energy are similar for both cycles of the reaction.   







(First Cycle) (kJ/mole) 
 




1.2 + 0.2 
 
 
25.3 + 2.1 
 
24.2 + 1.3 
 
1.5 + 0.2 
 
 
22.6 + 1.2 
 
22.2 + 1.6 
 
1.9 + 0.3 
 
 
20.5 + 0.8 
 
20.0 + 1.6 
 
2.7 + 0.4 
 
 
12.4 + 0.8 
 
13.3 + 0.9 
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The observed decrease in the activation energy can only be explained if the nature 
of the catalytic particles changes with concentration.  One important change that is 
known to occur in the colloidal nanoparticle solutions is aggregation.  As a result, the 
type of catalytic particles changes as new sites created at the intersection of the 
aggregated nanoparticles are formed.  It is possible that atoms at these sites are more 
active catalytically giving rise to reduction in the activation energy.  The mechanism of 
surface catalysis involves the thiosulfate ions binding to the active sites of the 






Figure 3.4—Plot of activation energy (EA) as a function of catalyst concentration (a) 
during the first cycle of the electron-transfer reaction and (b) during the second cycle of 
the electron-transfer reaction. 
 
3.5  Conclusions 
The PVP-Pt nanoparticles decrease greatly if mixed with only the 
hexacyanoferrate (III) ions but is not affected if mixed with only the thiosulfate ions and 
slightly decreases during the reaction between hexacyanoferrate (III) ions and thiosulfate 
 83 
ions.  The results suggest that the hexacyanoferrate (III) ions alone dissolve the Pt from 
the nanoparticle surface to form a cyano complex as expected from thermodynamic 
considerations.  Thiosulfate seems to bind to the surface thus passivate it against attack 
by the hexacyanoferrate, which instead, reacts with the surface bound thiosulfate to give 
the reaction products. 
The kinetics of the reaction during the second cycle of the electron transfer 
reaction is similar to those in the first cycle.  In both cycles, the activation energy of the 
reaction decreases linearly with increasing the concentration of the nanoparticle solution.  
If increasing concentration leads to more aggregation, these results suggest that 
aggregated Pt nanoparticles have more catalytic activity than individual nanoparticles. 
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EFFECT OF NANOCATALYSIS IN COLLOIDAL SOLUTION ON THE 
TETRAHEDRAL AND CUBIC NANOPARTICLE SHAPE:   
ELECTRON TRANSFER REACTION CATALYZED  
BY PLATINUM NANOPARTICLES 
 
4.1  Abstract 
The stability of tetrahedral and cubic platinum nanoparticles during the catalysis 
of the electron transfer reaction between hexacyanoferrate (III) and thiosulfate ions in 
colloidal solution at room temperature was studied by using TEM and HRTEM.  Before 
the reaction, the dominantly tetrahedral nanoparticles have a shape distribution of 55 + 
4% regular tetrahedral, 22 + 2% distorted tetrahedral, and 23 + 2% spherical 
nanoparticles, and the dominantly cubic nanoparticles have an initial shape distribution of 
56 + 4% regular cubes, 13 + 1% distorted cubes, and 31 + 3% truncated octahedral 
nanoparticles.  The amount of tetrahedral nanoparticles decreases by 60 + 5% after the 
first cycle and by 62 + 4% after the second cycle of the reaction.  In the case of cubic 
nanoparticles, the amount of cubic nanoparticles decreases by 39 + 5% after the first 
cycle and by 66 + 5% after the second cycle compared to before the reaction.  After the 
first and second cycles of the reaction, there are a greater percentage of distorted 
tetrahedral and distorted cubic nanoparticles present.  The rate of the dissolution of the 
surface Pt atoms is faster for the tetrahedral nanoparticles than for the cubic 
nanoparticles.  This suggests that tetrahedral nanoparticles, with their sharp corners and 
edges, are more sensitive and more liable to shape changes during nanocatalysis.  The 
presence of just hexacyanoferrate ions in the solution with the nanoparticles is found to 
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increase the amount of distorted tetrahedral and distorted cubes present much more than 
during the reaction.  The presence of only the thiosulfate ions does not seem to affect the 
size or shape distribution which might result from the capping ability of this anion and 
thus protects the nanoparticles. 
 
4.2  Introduction 
Nanoparticles offer higher catalytic efficiency per gram than larger size materials 
due to their large surface-to-volume ratio.  This makes them an attractive choice to use as 
catalysts.  The nanocatalysis field has been very active with numerous review articles in 
both heterogeneous catalysis with supported nanoparticles2-14 and in homogeneous 
catalysis with colloidal nanoparticles15-21.  However, being small in size is expected to 
increase the nanoparticle surface tension, which makes their surface atoms very active.  
This raises the question of whether the surface atoms are sufficiently unstable to result in 
an observable change in the size and shape of the nanoparticles during catalysis.  TEM 
characterization of the nanoparticles before and after catalysis is not given in the bulk of 
catalysis conducted with nanoparticles in colloidal solution.  It is also worth noting that 
there has not been any characterization of the nanoparticle shape before and after 
catalysis.  However, there are few studies in the literature where size distribution of the 
nanoparticles after recycling along with the catalytic activity is reported22-26.  There are 
also some papers that discuss the catalytic activity of the nanoparticles upon recycling, 
but which do not examine the stability of the nanoparticles after catalysis27-30.  The major 
interest of the reusability of nanoparticle catalysts has not been systematically studied or 
published in the metal colloid literature31. 
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Previously, we have conducted detailed studies on the effect of catalysis on the 
size distribution of Pd and Pt nanoparticles catalyzing the Suzuki32 and electron transfer 
reaction33.    In a previous study32 conducted with spherical PVP-Pd nanoparticles 
catalyzing the Suzuki reaction between phenylboronic acid and iodobenzene, it was 
found that after the first cycle of the reaction, the nanoparticles increased in size, and this 
was attributed to the presence of free metal atoms in solution and also to Ostwald 
ripening processes.  After the second cycle of the reaction, the nanoparticle size decreases 
and this was attributed to the aggregation and precipitation of the larger nanoparticles.  It 
was also found that the nanoparticle size increases in the presence of iodobenzene, but 
their size was not affected in the presence of phenylboronic acid.  From this observation, 
it was proposed that the surface catalytic mechanism involved phenylboronic acid 
binding to the nanoparticle surface followed by the reaction with iodobenzene in solution 
via collisional processes. 
In the study of the electron transfer reaction between hexacyanoferrate (III) ions 
and thiosulfate ions catalyzed by spherical PVP-Pt nanoparticles, it was found33 that the 
nanoparticles decrease slightly in size after the first and second cycle of the reaction.  The 
nanoparticles greatly decrease in size in the presence of hexacyanoferrate (III) ions alone 
but maintain their size in the presence of thiosulfate ions.  This is proposed to be due to 
the reaction between hexacyanoferrate (III) ions and the surface Pt atoms of the 
nanoparticle resulting in dissolving them to form cyanide complexes.  Also, the 
mechanism of surface catalysis is proposed to involve thiosulfate ions binding to the 
nanoparticle surface followed by the reaction with hexacyanoferrate (III) ions via 
collisional processes. 
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The previous studies32-33 involved the use of spherical nanoparticles and as a 
result has focused on what happens to the size distribution of the nanoparticles after 
catalysis.  Another important study is to examine shape changes of the nanoparticles after 
catalysis.  Tetrahedral nanoparticles are the best to use for two reasons.  They have (111) 
facets which are known to be the most catalytically active34-36 and thus suggests that they 
are the most sensitive to shape changes.  They also have sharp corners and edges with 
least surface energy that would easily be reconstructed under chemical perturbations.  
This would lead to large shape changes that could be detected by TEM.  In addition, for 
comparison, cubic nanoparticles with their (100) facets was also investigated.  Since the 
(100) facets are not as catalytically active and their edges and corners are not as sharply 
pointed as in the tetrahedral particles, they probably will not be as sensitive to shape 
changes as the tetrahedral particles.  
 The aim in this work is to examine and compare the shape stability of tetrahedral 
and cubic platinum nanoparticles used to catalyze the electron transfer reaction between 
hexacyanoferrate (III) ions and thiosulfate ions to form hexacyanoferrate (II) ions and 
tetrathionate ions.  The effect of catalysis, recycling, and presence of the individual 
reactants on the shape distribution of these different nanoparticles is examined by using 







4.3  Experimental Section 
 
4.3.1  Synthesis of Tetrahedral Shaped Platinum Nanoparticles 
 The PVP stabilized Pt nanoparticles were prepared using the H2 reduction method 
described previously37 with some modifications.  The precursor platinum salt used is 
K2PtCl6 and the stabilizer used is PVP (mw = 360,000).  A 500 mL 3-neck flask 
equipped with a gas trap was used for the synthesis.  Two hundred fifty mL of doubly 
deionized water, 2 mL of 0.01 M K2PtCl6, and 0.25 g of PVP was added to the flask.  
After the solution is thoroughly mixed, argon is bubbled for 20 minutes and then 
hydrogen gas is bubbled for 5 minutes.  The flask is then sealed, wrapped in aluminum 
foil, and stored in the dark for 24 hours.  The resulting colloidal solution is light brown.  
A drop of the colloidal solution was placed onto a Formvar stabilized carbon grid and 
allowed to evaporate in air.  JEOL 100C TEM and JEM 4000EX HRTEM are used to 
characterize the nanoparticle shape. 
 
4.3.2  Synthesis of Cubic Shaped Platinum Nanoparticles 
The polyacrylate stabilized Pt nanoparticles were prepared using the H2 reduction 
method described previously37 with a few modifications.  The precursor platinum salt 
used is K2PtCl4 and the stabilizer used is polyacrylate (mw = 2,100).  A 500 mL 3-neck 
flask equipped with a gas trap was used for the synthesis and this flask was thoroughly 
cleaned with Aqua Regia before the synthesis.  Two hundred fifty mL of doubly 
deionized water, 2 mL of 0.01 M K2PtCl4, and 1mL of 0.1 M polyacrylate were added to 
the flask.  The solution was adjusted to a pH of 9.  After the solution is thoroughly mixed, 
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argon is bubbled for 20 minutes and then hydrogen gas is bubbled for 5 minutes.  The 
flask is then sealed, wrapped in aluminum foil, and stored in the dark for 24 hours.  The 
resulting colloidal solution is light brown.  A drop of the colloidal solution was placed 
onto a Formvar stabilized carbon grid and allowed to evaporate in air.  JEOL 100C TEM 
and JEM 4000EX HRTEM are used to characterize the nanoparticle shape. 
 
4.3.3  Studies of the Effect of the Catalytic Reaction 
 The electron transfer reaction between hexacyanoferrate (III) ions and thiosulfate 
ions was catalyzed in a similar manner described previously33,38.  PVP capped platinum 
nanoparticles with a dominantly tetrahedral shape and polyacrylate stabilized platinum 
nanoparticles with a dominantly cubic shape are both used as the catalysts for the 
reaction.  Two mL of the platinum nanoparticles, 200 µL of 0.01 M potassium 
hexacyanoferrate, and 200 µL of 0.1 M sodium thiosulfate were mixed together for a 
total volume of 2.4 mL.  The hexacyanoferrate (III) ions absorb at 420 nm and the 
progress of the reaction can be monitored by the disappearance of the hexacyanoferrate 
(III) peak over time.  The complete disappearance of the hexacyanoferrate (III) peak is an 
indication that the first cycle of the reaction is complete.  To begin the second cycle of 
the reaction, 2 µL of 1 M potassium hexacyanoferrate and 2 µL of 1 M sodium 
thiosulfate was added to the reaction mixture.  The new total volume is 2.404 mL and as 
a result, there is very little difference in the concentration of the nanoparticles during the 
second cycle compared to the first cycle.  As a result, it is possible to compare the 




4.3.4  TEM Studies 
 The stability of the platinum nanoparticle shapes before and after the different 
conditions is assessed by using TEM.  The nanoparticle samples were spotted by placing 
a drop of the solution onto a Formvar stabilized copper grid and allowing the drop to 
evaporate in air.  The spotted aqueous samples take approximately 2 hours to dry.  Since 
the same deposition conditions are employed for all of the samples, the evaporation rate 
of the solvent is fairly reproducible from one sample to another.  For each experiment, 
the internal reproducibility of the observed nanoparticle shape distribution was examined 
by spotting the sample onto three separate TEM grids.  Also, TEM images were taken 
from different sections of the TEM grids to verify the shape distribution.  The general 
reproducibility of the observed shape distribution was verified by conducting each of the 
experiments three times.  As a result, it is possible to compare the shape distribution 
changes under the various conditions. 
For each experiment, approximately 1800 nanoparticles were counted (9 enlarged 
TEM images with approximately 200 nanoparticles in each image).  In the case of the 
dominantly tetrahedral PVP-Pt nanoparticles, the shapes that were counted are regular 
tetrahedral, distorted tetrahedral, and spherical nanoparticles.  The goal is to see if there 
are changes in the distribution of the nanoparticle shape under the different conditions.  
In these experiments, the size distributions of the nanoparticles were not conducted since 
when there are distorted tetrahedral nanoparticles, the size depends on the type of the 
distortion.  As a result, the shape distribution is used as a better indication of the stability 
of the nanoparticles after catalysis, recycling, or in the presence of the individual 
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chemicals used in the reaction.  In the case of the dominantly cubic polyacrylate 
stabilized platinum nanoparticles, the shapes that were counted are regular cubes, 
distorted cubes, and truncated octahedral.  Here also, the size distribution was not 
conducted since in the case of distorted cubic nanoparticles, the size of the particle would 
depend on the type of distortion. 
In addition, HRTEM images were obtained for a typical tetrahedral and cubic 
nanoparticle before the reaction, after the second cycle, and after exposing the 
nanoparticles to just the hexacyanoferrate (III) ions.  Images that have lattice fringes that 
can be clearly seen are obtained and are outlined for better visualization of the shape. 
 
4.4  Results and Discussion 
The stability of tetrahedral and cubic platinum nanoparticles under different 
conditions was investigated using TEM by examining the changes in the shape 
distribution of solutions containing dominantly tetrahedral and dominantly cubic 
nanoparticle shapes.  Table 4.1 and 4.2 summarize the shape distribution of the 
dominantly tetrahedral and dominantly cubic nanoparticle solutions before the electron 
transfer reaction, after the first cycle of the electron transfer reaction, after the second 
cycle of the electron transfer reaction, after exposure to just the hexacyanoferrate (III) 






Table 4.1—Shape Distributions of Dominantly Tetrahedral PVP-Platinum Nanoparticles 
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Table 4.2—Shape Distribution of Dominantly Cubic Polyacrylate-Platinum 
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Figure 4.1a-f and Figure 4.2a-f show typical TEM images and shape distribution 
graphs of the tetrahedral shaped and cubic shaped platinum nanoparticles before the 
reaction, after the first cycle of the reaction, and after the second cycle of the reaction.  
Table 4.1 and 4.2 also summarizes the shape distributions observed for these solutions.  
In the case of the dominantly tetrahedral nanoparticle solutions, as shown in Figure 4.1a-
b and Table 4.1, it can be seen that before the reaction, the regular tetrahedral 
nanoparticles are dominant (55 + 4%).  There are also some distorted tetrahedral 
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nanoparticles (22 + 2%) and spherical nanoparticles (23 + 2%) present.  For the 
dominantly cubic nanoparticle solutions, as shown in Figure 4.2a-b and Table 4.2, it can 
be seen that the cubic nanoparticles are dominant (56 + 4%) with some distorted cubic 
nanoparticles (13 + 1%) and truncated octahedral nanoparticles (31 + 3%) also being 
present.   
 
Figure 4.1—Typical TEM image and shape distribution graph of solutions containing 
dominantly tetrahedral PVP-Pt nanoparticles before electron transfer reaction (a-b), after 
first cycle of electron-transfer reaction (c-d), and after second cycle of electron-transfer 
reaction (e-f) [RT = regular tetrahedral, DT = distorted tetrahedral, and S = spherical]. 
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Figure 4.2—Typical TEM image and shape distribution of colloidal solutions with 
dominantly cubic polyacrylate stabilized platinum nanoparticles before the electron-
transfer reaction (a-b), after the first cycle of electron-transfer reaction (c-d), and after the 
second cycle of electron-transfer reaction (e-f) [RC = regular cubes, DC = distorted 
cubes, and TO = truncated octahedral]. 
 
After the first cycle of the electron transfer reaction, it is observed that the 
percentage of regular tetrahedral nanoparticles decreases from 55 + 4% to 22 + 2% while 
the percentage of distorted tetrahedral nanoparticles increases from 22 + 2% to 52 + 2% 
(as shown in Figure 4.1c-d and Table 4.1).  It can be seen that there is a greater 
percentage of distorted tetrahedral nanoparticles present after the first cycle of the 
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electron transfer reaction and that the distorted tetrahedral nanoparticles become 
dominant.   
In the case of cubic nanoparticles, the percentage of regular cubic nanoparticles 
decrease from 56 + 4% to 34 + 2% while the percentage of distorted cubic nanoparticles 
increases from 13 + 1% to 40 + 3% (see Figure 4.2c-d and Table 4.2).  It can be seen that 
there is a greater percentage of distorted cubic nanoparticles present after the first cycle, 
but they do not become the dominant shape.  The observations of a greater percentage of 
distorted tetrahedral and cubic nanoparticles could be due to the dissolution of Pt atoms 
on the corners and edges of the nanoparticles by reaction with the hexacyanoferrate (III) 
ions.  The greater percentage of distorted tetrahedral than distorted cubic nanoparticles 
could be due to the fact that the tetrahedral nanoparticles have sharper edges and corners 
that would dissolve more rapidly giving rise to the distorted tetrahedral shape.  This 
suggests that the cubic nanoparticles with their less pointed edges are less sensitive to 
changes in the shape from perturbations in the reaction environment than the tetrahedral 
nanoparticles.  As a result, dissolving the corners and edges of the cubes occur at a lower 
rate than for the tetrahedral nanoparticles with their (111) facets and sharper edges and 
corners.  
After the second cycle of the reaction, it is observed that there is virtually no 
change in the amount of tetrahedral nanoparticles since the percentage changes from 22 + 
2% after the first cycle to 21 + 3% after the second cycle (see Figure 4.1e-f and Table 
4.1).   Also, there is very little increase in the amount of distorted tetrahedral 
nanoparticles present since the percentage changes from 52 + 2% after the first cycle to 
57 + 4% after the second cycle.  In contrast, the relative amount of cubic nanoparticles 
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continues to decrease from 34 + 2% after the first cycle to 19 + 3% after the second cycle 
(see Figure 4.2e-f and Table 4.2).  Meanwhile, the amount of distorted cubic 
nanoparticles increases from 40 + 3% after the first cycle to 51 + 5% after the second 
cycle.  It can be seen that the cubic nanoparticles become more distorted after the second 
cycle of the reaction.  This again suggests that due to the lower sensitivity of the cubic 
shaped nanoparticles, a longer time of exposure to the environmental perturbations is 
needed to induce changes in the shape.  It can be seen that the distorted cubic 
nanoparticles are dominant only after the second cycle, while the distorted tetrahedral 
nanoparticles were dominant even after the first cycle of the reaction.  This confirms that 
the rate of dissolution of the surface Pt atoms is slower for the cubic shaped nanoparticles 
than for the tetrahedral shaped nanoparticles. 
 HRTEM images of the tetrahedral and cubic shaped nanoparticles were also 
obtained before and after the second cycle and are shown in Figure 4.3a-d.  In each 
image, the nanocrystal is outlined for better visualization of the shape.  The lattice fringes 
can be clearly seen.  Figure 4.3 shows an example of a high-resolution TEM image of a 
tetrahedral nanoparticle before the reaction (Figure 4.3a) and after the second cycle 
(Figure 4.3b).  The same is shown for the cubic nanoparticle before the reaction (Figure 
4.3c) and after the second cycle (Figure 4.3d).  It can be seen that the tetrahedral 
nanoparticle has become more distorted, the sides are more rounded, and also the 
nanoparticles are smaller in size after the second cycle of the reaction.  From the shape 
distribution data, it was also found that there are a greater percentage of distorted 
tetrahedral nanoparticles present after the second cycle of the reaction.  In the case of the 
cubic nanoparticles, distortion in the corners of the nanoparticle can be observed.  The 
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shape distribution data shows that there are a greater percentage of distorted cubic 
nanoparticles present after the second cycle of the reaction.  The rounding of the edges 
and corners of the tetrahedral and cubic nanoparticles is due to the dissolution of atoms 
by the hexacyanoferrate (III) ions.  In both cases, it can be seen that the dissolution of 
atoms results in a reduction in the size of the nanoparticle.  
 
Figure 4.3—Example of a HRTEM image of a tetrahedral PVP-Pt nanoparticle before 
electron-transfer reaction (a), after second cycle of electron-transfer reaction (b), cubic 
polyacrylate capped Pt nanoparticle before electron-transfer reaction (c), and after second 





4.4.1 Effect of Individual Reactants on the Nanoparticle Shape and the Nanocatalysis 
Mechanism 
 
The effect of the individual reactants on the stability of the tetrahedral and cubic 
shapes was also investigated.  Figure 4.4a-f and Figure 4.5a-f show TEM images and 
shape distribution graphs of the tetrahedral and cubic nanoparticles before any 
perturbations, after exposure to just hexacyanoferrate (III) ions and after exposure to just 
thiosulfate ions.  Table 4.1 and 4.2 summarize the shape distribution results for the 
different conditions.   The shape distribution of the tetrahedral and cubic nanoparticles 
before any perturbations are shown in Figure 4.4a-b and Figure 4.5a-b and also 




Figure 4.4—Typical TEM image and shape distribution of solutions with dominantly 
tetrahedral PVP-Pt nanoparticles before any perturbations (a-b), after exposure to 
hexacyanoferrate (III) ions for 2 days (c-d), and after exposure to thiosulfate ions for 2 






Figure 4.5—Typical TEM image and shape distribution of solutions with dominantly 
cubic polyacrylate capped platinum nanoparticles before any perturbations (a-b), after 
exposure to hexacyanoferrate (III) ions for 2 days (c-d), and after exposure to thiosulfate 




In the case of the tetrahedral nanoparticles, Figure 4.4c-d and Table 4.1 show that 
the percentage of distorted tetrahedral nanoparticles changes from 22 + 2% to 62 + 4% 
after exposure to just hexacyanoferrate (III) ions.  When cubic nanoparticles are used, 
Figure 4.5c-d and Table 4.2 show that the percentage of distorted cubic nanoparticles 
changes from 13 + 1% to 52 + 4% after being exposed to the hexacyanoferrate (III) ions.  
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It can be seen that there is a large percentage of distorted tetrahedral and distorted cubic 
nanoparticles present after exposure to hexacyanoferrate (III) ions for two days (same 
time period used for conducting the reaction).  This observation confirms our previously 
suggested conclusion33 on its effect on the size distribution of spherical particles in which 
the presence of hexacyanoferrate (III) ions dissolves some of the Pt atoms on the surface 
of the PVP-Pt nanoparticles.  The distortions in the tetrahedral shape observed here with 
the tetrahedral PVP-Pt nanoparticles are probably due to more rapid dissolution of the 
reactive atoms on the corners and edges of the tetrahedral particles leading to their shape 
distortion.  In the case of the cubic nanoparticles, there is dominant distorted cubic 
nanoparticles present, which is probably also due to the dissolution of surface Pt atoms 
on corners or on edges.  As a result, even though the (100) facets are less sensitive to 
perturbations, the rate of the dissolution of the Pt atoms on the corners or the edges of the 
cubic nanoparticles is probably faster than that on the facets. 
Figure 4.6a-b show HRTEM images of a distorted tetrahedral nanoparticle and 
distorted cubic nanoparticle observed after exposing the nanoparticles to just 
hexacyanoferrate (III) ions for two days.  The lattice fringes can be seen and the 
nanoparticle is outlined for better visualization.  It can be seen that the tetrahedral 
nanoparticle has become more rounded and is smaller in size.  The distortions in the 
corners of the cubic nanoparticle are observed suggesting the dissolution of Pt atoms 
from these sites. 
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Figure 4.6—Example of a HRTEM image of a tetrahedral PVP-Pt nanoparticle after 
exposure to hexacyanoferrate (III) ions (a) and dominantly cubic polyacrylate capped 
platinum nanoparticle after exposure to hexacyanoferrate (III) ions (b). 
 
The thiosulfate ions seem to stabilize the surface of the nanoparticles.  As shown 
in Figure 4.4e-f and Table 4.1, it can be seen that the percentage of distorted tetrahedral 
nanoparticles changes from 22 + 2% to 26 + 2% in the presence of the thiosulfate ions 
alone, suggesting very little change in the distribution.  The distribution remains similar 
to that observed before any perturbations.  As shown in Figure 4.5e-f and Table 4.2, the 
percentage of distorted cubic nanoparticles changes from 13 + 1% to 15 + 2% which is 
also very little change in the distribution compared to before any perturbations.  The 
results obtained using tetrahedral and cubic nanoparticles show that the presence of 
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thiosulfate ions does not change the shape distribution of the nanoparticles. The 
observations found in both the tetrahedral and cubic shaped nanoparticles is consistent 
with what is well known in the literature39-46 that thiosulfate binds to metal surfaces such 
as silver, cadmium, palladium, nickel, aluminum, zinc, platinum, etc. through its sulfur 
group.  Thus, thiosulfate acts as a capping agent or stabilizer of the nanoparticle surface. 
 From the above results, it can be concluded that hexacyanoferrate (III) ions 
change the shape distribution of both the tetrahedral and cubic nanoparticles while 
thiosulfate ions do not.  The presence of hexacyanoferrate (III) ions during the electron 
transfer reaction results in the Pt ions dissolving into the reaction mixture and possibly 
forming a complex.  The stability constants for Fe(CN)6-3 and Pt(CN)4-2 are 1031 mole/L 
and 1041 mole/L respectively47.  The stability constant for the Pt(CN)6-4 complex has not 
been reported in the literature.  It can be seen that the stability constant for the platinum 
complex is 10 orders of magnitude higher than that for the iron complex.  As a result, it is 
thermodynamically possible that the cyanide groups in hexacyanoferrate (III) ions would 
bind and dissolve the surface Pt atoms to form the much more stable platinum complex.  
Absorption spectra were obtained before and after exposing the PVP-Pt nanoparticles to 
hexacyanoferrate (III) ions for two days.  No changes in the absorption spectra were 
observed.  In the previous study conducted with spherical PVP-Pt nanoparticles33, it was 
shown that the amount of hexacyanoferrate (III) ions used up to form the complex is so 
small that it couldn’t be detected optically.  In the cases with the tetrahedral and cubic 
shaped nanoparticles, it is also logical to propose that the amount of the hexacyanoferrate 
(III) ions lost is so small that it can’t be detected.  A calculation of the amount of 
hexacyanoferrate (III) ions that are lost would be difficult to carry out in both cases since 
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there is a change in the shape from tetrahedral nanoparticles to distorted tetrahedral 
nanoparticles and from cubic nanoparticles to distorted cubic nanoparticles.  The 
calculation of the volume of a distorted tetrahedral or cubic nanoparticle would be 
difficult to do especially since the distortions are different for each nanoparticle.   
Hexacyanoferrate (III) ions added alone are found to change the tetrahedral and 
the cubic shapes much more effectively than in the reaction mixture.  This observation 
supports the proposal that the thiosulfate is adsorbed on the nanoparticle and is giving it 
more protection from the direct hexacyanoferrate attack on the surface platinum atoms.  
The thiosulfate protects the particle surface by capping it as well as by reacting with the 
hexacyanoferrate (III) ions approaching the surface.  The catalytic mechanism must thus 
involve the reaction of hexacyanoferrate (III) ions in solution with the adsorbed 
thiosulfate species. 
 
4.5  Conclusions 
During catalysis, a change in the shape distribution in colloidal solutions with 
dominantly tetrahedral or cubic nanoparticles occurs with the change occurring faster for 
the tetrahedral particles.  This suggests that tetrahedral nanoparticles, with sharper 
corners and edges, are more sensitive and more liable to shape changes during 
nanocatalysis than the cubic particles.  Exposure to hexacyanoferrate (III) ions alone 
results in a larger percentage of distorted tetrahedral and distorted cubic nanoparticles 
than in the reaction mixture.  Exposure to the other reactant, thiosulfate ions, is believed 
to cap and protect the nanoparticles against dissolving their surface platinum atoms on 
the corners and edges by the hexacyanoferrate (III) ions. 
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SHAPE-DEPENDENT CATALYTIC ACTIVITY OF PLATINUM  




5.1  Abstract 
 
The activation energies and the average rate constants are determined in the 298 
K – 318 K temperature range for the early stages of the nanocatalytic reaction between 
hexacyanoferrate (III) and thiosulfate ions using 4.8 + 0.1 nm tetrahedral, 7.1 + 0.2 nm 
cubic, and 4.9 + 0.1 nm “near spherical” nanocrystals.  These kinetic parameters are 
found to correlate with the calculated fraction of surface atoms located on the corners and 
edges in each size and shape. 
 
5.2  Introduction 
The field of nanocatalysis (in which nanoparticles are used to catalyze reactions) 
has been very active lately.  Two types of nanocatalysis can be distinguished, the 
homogeneous type with catalysis in colloidal solution1-8 and the heterogeneous type in 
which the nanoparticles are supported on solid surfaces catalyzing gas phase reactions9-21.  
Most of the studies in the homogeneous colloidal nanocatalysis field involve using 
spherical nanoparticles or nanoparticles of undetermined shapes.  There are very few 
studies in which catalysis is conducted with nanoparticles of specific shape in colloidal 
solution.  Truncated octahedral Pt nanoparticles have been used to catalyze the electron 
transfer reaction and the activation energy was determined22.  The decomposition of the 
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oxalate capping material was studied on cubic Pt nanoparticles23.  However, these studies 
did not compare the nanoparticle kinetics of different shapes.  A very important question 
to raise is whether or not the catalytic activity of atoms located on the surfaces of 
nanocrystals with different shapes is different.  There have been no studies comparing the 
catalytic activity of nanoparticles of different shapes in colloidal solutions.  In high 
vacuum surface catalysis studies with single crystals24, a great deal of work has been 
carried out in which crystals cut with different facets are shown to catalyze different 
reactions.  Nanoparticles of different shapes have different facets.  Furthermore, they 
have different fractions of atoms located at different corners, edges, and at different 
defects (resulting from the loss of atoms at these locations).  Thus, one would expect the 
catalytic activity to be different in catalyzing the same reaction.   
 In this letter, we compare the value of the activation energy and other kinetic 
parameters of the electron transfer reaction between hexacyanoferrate (III) ions and 
thiosulfate ions in colloidal solution containing dominantly tetrahedral, cubic, or “near 
spherical” platinum nanoparticles as catalysts during the early stages of the reaction 
before any shape changes occur.  The “near spherical” nanoparticles have both the (111) 
and (100) facets with edges at their interfaces.  TEM studies are conducted to determine 
the shape distribution and to ensure that during the early stages of the reaction, shape 
changes do not take place.  For any size and shape, the catalytic activity of these three 




5.3  Experimental Section 
The solutions of dominantly tetrahedral Pt nanoparticles stabilized with PVP are 
prepared using the H2 reduction method described previously25 with some modifications 
in which 0.05 g PVP is used as the capping agent and K2PtCl6 is the precursor salt used.  
The solutions of the dominantly cubic Pt nanoparticles stabilized with polyacrylate are 
also prepared using the H2 reduction method described previously25 with a few 
modifications in which the flask was thoroughly cleaned with Aqua Regia and the pH of 
the solution is adjusted to 9.  The solutions of the dominantly “near spherical” Pt 
nanoparticles stabilized with PVP are synthesized by the reduction of the Pt+2 ions with 
ethanol similar to a method described previously26.  A drop of each of the colloidal 
solutions is placed onto Formvar stabilized copper TEM grids and JEOL 100C TEM is 
used to determine the shape and size of the three different shaped nanoparticles. 
 For all three types of nanoparticles, the initial Pt ion concentration used for 
making the nanoparticles is 8 x 10-5 M.  All three nanoparticle solutions are adjusted to a 
pH = 7 by the addition of either NaOH or HCl as appropriate.  For the electron transfer 
reaction between hexacyanoferrate (III) ions and thiosulfate ions, 200 µL of 0.01 M 
potassium hexacyanoferrate (III) and 200 µL of 0.1 M sodium thiosulfate is added to 2 
mL of the PVP-Pt nanoparticles.  The kinetics of the reaction is monitored by using 
absorption spectroscopy with a Shizmadzu UV-VIS-NIR spectrophotometer.  The 
disappearance of the hexacyanoferrate (III) peak is monitored as a function of time by 
subtracting the absorbance at 500 nm from that at 420 nm.  At 420 nm, both the 
hexacyanoferrate (III) ions and the platinum nanoparticles absorb and at 500 nm, only the 
platinum nanoparticles absorb with an absorption coefficient very close to that at 420 nm.  
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The absorbance (A) is monitored every 10 minutes for 40 minutes.  The slope of the 
pseudo first-order plot of –ln A vs. time gives the rate constant, k.  Since the 
concentration of the thiosulfate ions is ten times larger than that of the hexacyanoferrate 
ions, a pseudo first order plot is drawn from which the value of k is determined.  As a 
result, only the concentration of the hexacyanoferrate ions is monitored.  The rate 
constant of the reaction is determined at four different temperatures (25oC, 30oC, 40oC, 
and 45oC).  From the slope of the graph ln k vs. 1000/T, where T is the absolute 
temperature, the activation energy of the reaction is determined.   
The shape distributions of the three types of nanoparticles are obtained before the 
reaction and after 40 minutes at 45o C using JEOL 100C TEM.  The nanoparticle samples 
are spotted by placing a drop of the solution onto a Formvar stabilized copper grid and 
allowing the drop to evaporate in air.  The spotted aqueous samples take approximately 2 
hours to dry.  Since the same deposition conditions are employed for all the samples, the 
evaporation rate of the solvent is fairly reproducible from one sample to another.  For 
each experiment, the internal reproducibility of the observed nanoparticle shape 
distribution is examined by spotting the sample onto three separate TEM grids.  Also, 
TEM images are taken from different sections of the TEM grids to verify the shape 
distribution.  The general reproducibility of the observed shape distribution is verified by 
conducting each of the experiments three times.  As a result, it is possible to compare the 
shape distribution changes under the various conditions used.  Approximately 1800 
particles are counted from enlarged TEM images for each experiment.  In the case of 
tetrahedral nanoparticles, the shape distribution classification is regular tetrahedral, 
distorted tetrahedral, and spherical.  For cubic nanoparticles, the distribution is regular 
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cubic, distorted cubic, and truncated octahedral.  In the case of “near spherical” 
nanoparticles, the distribution classification is spherical and others.  The average size of 
the three types of nanoparticles is determined before the reaction (initial synthesized 
samples). 
 
5.4  Results and Discussion 
The activation energy of the electron transfer reaction between hexacyanoferrate 
(III) and thiosulfate ions is determined for dominantly tetrahedral, dominantly cubic, and 
dominantly “near spherical” shaped platinum nanoparticles.   The fraction of the surface 
atoms located on the corners and edges is calculated for the three different nanoparticles 
of different sizes and shapes.  The results are correlated with the catalytic activity of each 
particle.  In order to examine the shape dependence, the catalytic activity of the 
tetrahedral and “near spherical” particles that have comparable size and capped with the 
same capping material (PVP) is compared. 
Figure 5.1a-b, d-e, and g-h show typical TEM images and shape distribution 
graphs for the three nanoparticles of different shapes before the reaction.  Table 5.1 also 
summarizes the results on the shape distribution and the average size for the three types 
of nanoparticles.  The dominantly tetrahedral (76 + 3%) PVP capped Pt nanoparticles 
have an average size of 4.8 + 0.1 nm.  The dominantly cubic (61 + 4%) polyacrylate 
stabilized Pt nanoparticles have an average size of 7.1 + 0.1 nm.  The dominantly “near 
spherical” (85 + 2%) PVP capped Pt nanoparticles have an average size of 4.9 + 0.1 nm. 
The shape distribution is determined after 40 minutes of the electron transfer 
reaction at 45oC, the highest temperature used in the study.  This is conducted to 
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determine whether or not the shape distribution of the nanoparticles changes during the 
first 40 minutes of the reaction.  Figure 5.1 c,f, and g show the shape distributions of the 
three types of nanoparticles after 40 minutes of the reaction at 45oC and the distribution 
results are also summarized in Table 5.1.  It is clear that the shape distribution for all 
three types of nanoparticles is similar to that observed before the reaction.  This indicates 
that during the beginning of the electron transfer reaction, there is very little change in the 
shape distribution of the nanoparticles.  However, it should be mentioned that our 
previous studies have shown that both the size26 and shape27 of the nanoparticles indeed 
change during the full course of this reaction as well as the Suzuki reaction28. 
 
Figure 5.1—TEM images and shape distributions of dominantly tetrahedral (a-c), 
dominantly cubic (d-f), and dominantly “near spherical” (g-i) platinum nanoparticles 
before and after 40 min of electron-transfer reaction. This shows that there is no 
significant change in the shape of the nanoparticles resulting from the catalytic reaction at 
the highest temperature during the initial 40 min of the reaction. 
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Table 5.1—Summary of average size and shape distribution for the dominantly 
tetrahedral, cubic, and “near spherical” platinum nanoparticles (RT = regular tetrahedral, 
DT = distorted tetrahedral, S = Spherical, RC = regular cubic, DC = distorted cubic, and 
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4.8 + 0.1 
 
76 + 3% RT 
13 + 1% DT 
11 + 1% S 
 
72 + 4% RT 
13 + 2% DT 








7.1 + 0.2 
 
61 + 4% RC 
13 + 2% DC 
26 + 4% TO 
 
58 + 4% RC 
16 + 3% DC 








4.9 + 0.1 
 
 
85 + 2% S 
15 + 2% O 
 
 
81 + 4% S 
19 + 3% O 
 
The catalytic reaction is carried out for each shape and the rate constant is 
determined for each shape at different temperatures during the first 40 minutes of the 
reaction.  The activation energy is then obtained from the slope of the linear ln k vs. 
1000/T dependence (slope = -EA/R).  As can be seen in Figure 5.2, the activation energy 
is lowest for the tetrahedral dominated nanoparticle solution (14.0 + 0.6 kJ/mol) and 
highest for the cubic dominated nanoparticle solution (26.4 + 1.2 kJ/mol).  The activation 
energy of the “near spherically” dominated nanoparticles is intermediate (22.6 + 1.2 





Figure 5.2—Arrhenius plots obtained using dominantly tetrahedral (a), dominantly cubic 
(b), and dominantly “near spherical” (c) shaped platinum nanoparticles to catalyze the 
electron-transfer reaction between hexacyanoferrate (III) ions and thiosulfate ions. 
 
The tetrahedral particle is small and has sharp edges and corners.  It is expected 
that atoms at these locations are likely to be either chemically very active or liable to 
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dissolve easily leaving behind atomic arrangements that has the makings of very 
catalytically active sites.  In high vacuum surface catalysis studies24, it is shown that 
catalysis takes place on defect sites (steps,…)  The fraction of atoms in the small 
tetrahedral particles at these sites is probably sizable making these particles to be the 
most catalytically active.  The cubic nanoparticles are the largest and most of its surface 
atoms are located on their (100) facets, which are known to be least active.  This explains 
their high value of activation energy.  The “near spherical” nanoparticles are not really 
spherical but have both the (111) and (100) facets with edges at the interfaces of these 
facets, explaining its intermediate catalytic activity. 
In order to quantify the above observations and conclusions, the fraction of the 
surface atoms located on the corners and edges are calculated29 for the different particles 
used in the present study.  The tetrahedron, cubic, and cubo-octahedron models are used 
for the tetrahedral, cubic, and “near spherical” nanoparticles respectively.  The models 
assume f.c.c. crystal structure.  For each shape, formulas for the calculation of the total # 
of atoms, # of bulk atoms, # of surface atoms, # corner atoms, and # of vertex (edge) 
atoms can be obtained based on the number of shells (which depends on the size of the 
nanoparticles).  Tetrahedral nanoparticles are small (4.8 nm), composed entirely of (111) 
facets with sharp edges and corners, which comprise ~28% of the total atoms and ~35% 
of the surface atoms (calculated using tetrahedron model29).  Cubic nanoparticles are 
larger (7.1 nm) and composed entirely of (100) facets with smaller fraction of atoms on 
their edges and corners, which comprises ~0.5% of total atoms and ~4% of surface atoms 
(calculated using cubic model29).  The “near spherical” nanoparticles are formed with 
(100) and (111) facets with numerous edges and corners.  For “near spherical” 
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nanoparticles, we assume it to follow a cubo-octohedron structured model29.  For a “near 
spherical” particle of 4.9 nm, the number of atoms on the corners and edges comprise 
~3% of the total atoms and ~13% of the surface atoms.  From this analysis, if the atoms 
on the corners and edges (or defects resulting from them) are the dominantly active sites 
in the catalysis, one would predict that the 4.8 nm tetrahedral nanoparticles are the most 
active and the 7.1 nm cubic nanoparticles are the least active, while the 4.9 nm “near 
spherical” nanoparticles are in between.  This is consistent with our results.  The fraction 
of surface sites on the corners and edges of the three types of nanoparticles are also 
included in Table 5.2.   
Table 5.2—Summary of the average rate constant, activation energy, pre-exponential 
factor, and entropy of activation for the dominantly tetrahedral, dominantly cubic, and 
dominantly “near spherical” shaped platinum nanoparticles obtained during the first 40 
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1.87 + 1.26 
 
2.18 + 1.91 
 








26.4 + 1.3 
 














22.6 + 1.2 
 




*Averaged over the temperature range used (25-45 oC) 






If we carry out the above calculation for the same size of 5.0 nm (for example) for 
all three shapes, one finds that the fraction of surface atoms located on corners and edges 
to be ~35% for the tetrahedral, ~13% for the “near spherical”, and ~6% for the cubic 
particles suggesting that the tetrahedral nanoparticles are expected to be the most active, 
followed by the “near spherical” nanoparticles, and then the cubic nanoparticles.  Figure 
5.3a shows a plot of the average rate constant vs. % surface atoms on corners and edges 
of the nanoparticles.  It can be seen that as the % surface atoms on corners and edges 
increases, the rate constant exponentially increases.  This confirms that for nanoparticles 
of different shapes, but of the same size, the larger the percentage of edge and corner 
atoms that a nanoparticle has, the more catalytically active it is.   
From Figure 5.3a, one can only suggest that there is a correlation between the 
fraction of active atoms and the average rate constant.  The observed exponential 
dependence reflects the effect of many other factors whose contributions cannot be 
evaluated.  For example, what is the effect of the capping material and how does it 
depend on the size?  Is there a difference in the reactivity between sites (atoms or defects) 
present on corners and edges?   
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Figure 5.3—(a) Plot of average rate constant vs. % surface atoms on edges and corners 
on the tetrahedral, cubic, and “near spherical” shaped Pt nanoparticles and (b) plot of ln A 
vs Ea of the Arrhenius equation demonstrating the compensation effect in platinum 
nanoparticle catalysis. The activation energies and pre-exponential factors 
are those obtained when using the tetrahedral, cubic, and “near spherical” platinum 
nanoparticles to catalyze the electron-transfer reaction in the first 40 min. 
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In order to minimize the effect of capping material, comparison between the 
average rate constants and the fraction of atoms on edges and corners for catalysis with 
the 4.8 nm tetrahedral nanoparticles and the 4.9 nm “near spherical” nanoparticles should 
be made.  These two particles are of the same size and PVP is used to stabilize both 
particles.  The ratio of the average rate constants using these two particles is 2.8 while 
that between the corresponding fraction of atoms on the corners and edges is 2.7, 
suggesting a linear relationship.  This relationship could result from the fact that while 
the atoms (or sites) on the corners are expected to be more active, they are also much 
smaller in number compared to those on the edges.  The 4.8 nm tetrahedral nanoparticles 
are composed of 4 corner atoms and 42 edge atoms.  The 4.9 nm “near spherical” 
nanoparticles are composed of 24 corner atoms and 228 edge atoms.  It can be seen that 
for both shapes, there are ~10 times more atoms on edges than at corners.  Since the 
tetrahedral nanoparticles have a much smaller number of corner atoms than the “near 
spherical” nanoparticles, the activity per corner atom must be much higher for the 
tetrahedral nanoparticles than for the “near spherical” nanoparticles.  This makes good 
physical sense as the corner atoms on the tetrahedral nanoparticles are more chemically 
unsaturated with less next-door neighbors. 
 In addition to the activation energy, the pre-exponential factor (A) and the entropy 
of activation (∆S*) are also calculated during this time period.  Table 5.2 summarizes the 
rate constant (average), activation energy, pre-exponential factor, and entropy of 
activation for the tetrahedral, cubic, and “near spherical” dominated nanoparticles.  The 
pre-exponential factors are very low compared to those generally observed using metal 
complexes or supported metal catalysts.  It is also worth mentioning that in the area of 
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metal nanoparticle catalyzed reactions, the pre-exponential factor has not been generally 
reported.  Previously26, we have proposed that thiosulfate binds to the Pt nanoparticle 
surface and reacts with hexacyanoferrate (III) ions via collisional processes.  A possible 
reason for the low pre-exponential factors observed here is that thiosulfate binding to the 
heavy nanoparticles would make the collision frequency between the reactants to be 
much lower than in the case of homogeneous metal complexes.  It can be seen that 
catalysis with tetrahedral nanoparticles result in the highest rate constant and that with 
cubic nanoparticles result in the lowest rate constant.  Catalysis with “near spherical” 
nanoparticles results in an intermediate rate constant.  It can also be seen that catalysis 
with tetrahedral nanoparticles has the lowest pre-exponential factor and entropy of 
activation while catalysis with cubic nanoparticles result in the highest pre-exponential 
factor and entropy of activation.  The use of “near spherical” nanoparticles results in a 
pre-exponential factor and entropy of activation which are in between those observed for 
tetrahedral and cubic nanoparticles.   
The graph of ln A vs. EA, shown in Figure 5.3b, is plotted using the pre-
exponential factor and the activation energy values that are obtained for the tetrahedral, 
cubic, and “near spherical” nanoparticles and is found to be linear.  A linear relationship 
between ln A and the activation energy is an indication that the Meyer-Neldel rule30, also 
called compensation law, is valid for catalysis with platinum nanoparticles.  The 
compensation law was first discovered31 in the case of electron emission from a platinum 
surface heated in a hydrogen atmosphere.  It is found to be valid in heterogeneous 
catalysis32-34 and in a large number of homogeneous and heterogeneous reactions34-36.   In 
some cases in the literature, it has been reported that this kind of linear plot is found to 
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result from uncertainty in the numbers used, resulting in a false compensation effect.  In 
our case, as can be seen in Figure 5.3b, with both horizontal and vertical error bars, there 
is a linear relationship between ln A and Ea, which suggests that the compensation effect 
we observe is genuine. 
Because of the compensation effect, as the activation energy increases, the pre-
exponential factor also increases.  In addition, as the pre-exponential factor increases, the 
entropy of activation also increases since they are related by the equation30:  ln A = 
∆S*/R.    As a result, even though the cubic nanoparticles have the lowest rate constant, 
the activation energy, pre-exponential factor, and entropy of activation are the highest.  
This would also explain the trends observed for the tetrahedral and “near spherical” Pt 
nanoparticles. 
 
5.5  Conclusions 
 The catalytic activity is dependent on the shape of the platinum nanoparticle used 
during the early stages of the electron transfer reaction.  The higher the fraction of surface 
atoms located on the edges and corners, the greater the catalytic activity.  The tetrahedral 
nanoparticles have the highest fraction of atoms on the corners and edges and also have 
the lowest activation energy.  As a result, the tetrahedral nanoparticles are the most 
catalytically active.  In addition, it is observed that the catalysis with platinum 




5.6  References 
1. Bradley, J. S. Clus. Colloids 1994, 459. 
2. Duff, D. G.; Baiker, A. Stud. Surf. Sci. Catal. 1995, 91, 505. 
3. Toshima, N. NATO ASI Ser., Ser. 3 1996, 12, 371. 
4. Boennermann, H.; Braun, G.; Brijoux, G. B.; Brinkman, R.; Tilling, A. S.; Schulze, S. 
K.; Siepen, K. J. Organomet. Chem. 1996, 520(1-2), 143. 
5. Fugami, K. Organomet. News 2000, 1, 25. 
6. Mayer, A. B. R. Polym. Adv. Technol. 2001, 12(1-2), 96. 
7. Bonnemann, H.; Richards, R. Syn. Meth. Organom. Inorg. Chem. 2002, 10, 209. 
8. Moiseev, I. I.; Vargaftik, M. N. Russ. J. Chem. 2002, 72(4), 512. 
9. Eppler, A,; Rupprechter, G.; Guczi, L.; Somorjai, G. A. J. Phys. Chem. B 1997, 
101(48), 9973. 
10. Toshima, N.; Yonezawa, T. New J. Chem. 1998, 22(11), 1179. 
11. Schmid, G. Met. Clus. Chem. 1999, 3, 1325. 
12. Puddephatt, R. J. Met. Clus. Chem. 1999, 2, 605. 
13. Henry, C. R. Appl. Surf. Sci. 2000, 164, 252. 
14. St. Clair, T. P.; Goodman, D. W. Top. Catal. 2000, 13(1,2), 5. 
15. Kralik, M.; Corain, B.; Zecca, M. Chem. Pap. 2000, 54(4), 254. 
16. Chusuei, C. C.; Lai, X.; Luo, K.; Goodman, D. W. Top. Catal. 2001, 14(1-4), 71. 
17. Bowker, M.; Bennett, R. A.; Dickinson, A.; James, D.; Smith, R. D.; Stone, P. Stud. 
Surf. Sci. Catal. 2001, 133, 3. 
18. Kralik, M.; Biffis, A. J. Mol. Catal. A: Chem. 2001, 177(1), 113. 
19. Thomas, J. M.; Raja, R. Chem. Rec. 2001, 1(6), 448. 
20. Mohr, C.; Claus, P. Sci. Prog. 2001, 84(4), 311. 
21. Thomas, J. M.; Johnson, B. F. G.; Raja, R.; Sankar, G.; Midgley, P. A. Acc. Chem. 
Res. 2003, 36(1), 20. 
22. Li, Y.; Petroski, J.; El-Sayed, M. A. J. Phys. Chem. B, 2000, 104(47), 10956. 
 128 
23. Fu, X.; Wang, Y.; Wu, N.; Gui, L.; Yang, Y. Langmuir, 2002, 18(12), 4619. 
24. Somorjai, GA, “Introduction to Surface Chemistry and Catalysis”, Wiley Publishers, 
New York, NY, 1994. 
25. Ahmadi, T. S.; Wang, Z. L.; Green, T. C.; Henglein, A.; El-Sayed, M. A. Science, 
1996, 272, 1924. 
26. Narayanan, R.; El-Sayed, M. A. J. Phys. Chem. B, 2003, 107(45), 12416. 
27. Narayanan, R.; El-Sayed, M. A. J. Phys. Chem. B, 2004, 108(18), 5726. 
28. Narayanan, R.; El-Sayed, M. A. J. Am. Chem. Soc., 2003, 125(27), 8340. 
29. Hardeveld, R. V.; Hartog, F. Surf. Sci., 1969, 15, 189. 
30. Bligaard, T.; Honkala, K.; Logadottir, A.; Norskov, J. K.; Dahl, S.; Jacobsen, C. J. H. 
J. Phys. Chem. B, 2003, 107, 9325. 
31. Wilson, H. A. Philos. Trans. A, 1908, 208, 247. 
32. Palmer, W. G.; Constable, F. H. Proc. R. Soc. London, Ser. A, 1924, 106, 250. 
33. Constable, F. H. Proc. R. Soc. London, Ser. A, 1925, 108, 355. 
34. Leffler, J. E. J. Org. Chem., 1955, 20, 1202. 
35. Cremer, E. Adv. Catal., 1955, 7, 75. 























CHANGING CATALYTIC ACTIVITY DURING COLLOIDAL PLATINUM  
NANOCATALYSIS DUE TO SHAPE CHANGES:  ELECTRON TRANSFER 
REACTION BETWEEN HEXACYANOFERRATE (III)  




6.1  Abstract 
 
 The shape distribution of the catalytic nanoparticles and the activation energy of 
the electron transfer reaction between hexacyanoferrate (III) and thiosulfate ions were 
determined at different times during the course of the reaction.  The activation energy is 
found to increase during the reaction when dominantly tetrahedral nanoparticles are used, 
decreases slightly when dominantly cubic nanoparticles are used, and remain almost 
unchanged when spherical nanoparticles are used.  Corresponding changes in the 
tetrahedral and cubic, but not spherical, shape is observed.  This is consistent with the 
changes in the activation energy that are observed.  The shape distribution and activation 
energy of dominantly spherical nanoparticles is found to remain stable during the course 
of the reaction. 
 
6.2  Introduction 
A great interest at this time in the field of nanoscience is the dependence of the 
different properties of nanoparticles on their shape1-4.  Platinum nanoparticles have been 
synthesized with different shapes5.  Since it is known that catalysis on transition metal 
crystal surfaces depends on the crystal face used6 and that different nanoparticles with 
different shapes have different facets and different ratio of the number of atoms on 
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corners and edges to those on the facets, one would expect catalysis to be greatly 
dependent on the nanoparticle shape used. 
The field of catalysis using transition metal nanocatalysts in colloidal solution has 
been active lately with many review articles7-14 published in the last decade.  In this type 
of catalysis, the focus has been on the use of spherical or undetermined shaped 
nanoparticles to catalyze reactions.  There are very few studies in which catalysis is 
conducted with nanoparticles of known shapes, e.g. using truncated octahedral Pt 
nanoparticles to catalyze the electron transfer reaction15 and using cubic Pt nanoparticles 
for the decomposition of the oxalate capping agent16.  
Being small and with surface atoms of different unsaturated valencies, 
nanoparticles of specific shape are more liable to change their shape in the harsh medium 
of chemical reactions.  Surface reconstruction or dissolution of active atoms on corners or 
edges by one or more of the reactants or even the solvent is expected to take place during 
“catalysis”.  We have already shown that the size of spherical nanoparticles changes 
during the catalysis process17-18.  It is thus possible that not only the size, but also the 
shape of the nanoparticle could change during catalysis.  This would screen any accurate 
conclusions regarding the shape dependence of the catalytic process. 
In the present communication, we have determined the activation energies for the 
electron transfer reaction between hexacyanoferrate (III) ions and thiosulfate ions in a 
colloidal solution in which tetrahedral, cubic, or spherical nanoparticles are dominant.  
This reaction is selected because it is very “gentle” reaction that is catalyzed around room 
temperature.  It is found that the activation energy of the reaction changes continuously 
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during the reaction.  Using TEM, it is shown that the observed change in the reactivity of 
the nanoparticles is accompanied by changes in their shape distribution. 
 
6.3  Experimental Section 
The PVP stabilized dominantly tetrahedral Pt nanoparticles and the polyacrylate 
stabilized dominantly cubic Pt nanoparticles are prepared by using the H2 reduction 
method described previously5 with a few modifications19.  The dominantly spherical 
PVP-Pt nanoparticles are synthesized by the reduction of the Pt+2 ions with ethanol as 
described previously18.  For all three types of nanoparticles, the initial Pt ion 
concentration used is 8 x 10-5 M. All three nanoparticle solutions are adjusted to a pH = 7 
by the addition of either NaOH or HCl as appropriate.  The activation energy18 (see 
supporting information for details) is determined at four different time periods during the 
reaction (0 hr-0.67 hr, 16 hr-16.67 hr, 32-32.67 hr, and 48-48.67 hr).  The shape 
distributions are obtained before the reaction, after 0.67 hr at 45o C, after 16.67 hrs at 45o 
C, after 32.67 hrs at 45o C, and after 48.67 hrs at 45o C using JEOL 100C TEM.  The 
spotting conditions and verification of internal and general reproducibility of the shape 
distributions are conducted by counting 1800 nanoparticles from 9 enlarged TEM images.  
The shape distributions are determined for three shapes:  specific shape, distorted shape, 
and spherical.  Size distributions are determined for the initial samples of tetrahedral, 





6.4  Results and Discussion 
Figure 6.1a-f show typical TEM images and shape distributions for the three types 
of nanoparticles.  Table 6.1 summarizes the initial shape and size distributions for the 
three different types of nanoparticles.  From Figure 6.2a and Table 6.1, it can be seen that 
the activation energy of the tetrahedral Pt nanoparticles increases during the course of the 
reaction while the activation energy of the cubic nanoparticles slightly decreases.  
Tetrahedral nanoparticles are composed of (111) facets and are known to be the most 
catalytically active due to a large fraction of the surface atoms being present on edges and 
corners20-22.  As seen in Figure 6.2b and Table 6.1, the percentage of distorted tetrahedral 
nanoparticles increases during the course of the reaction.  The rapid dissolution and 
surface reconstruction of the edge and corner atoms results in a greater percentage of 
distorted tetrahedral Pt nanoparticles with less sharp edges and corners and thus with 
higher activation energies.  The cubic nanoparticles are larger in size (7 nm vs. 5 nm) and 
are composed of (100) facets with small fraction of their surface atoms on the edges and 
corners.  Among other factors, the dissolution and surface reconstruction of atoms on the 
(100) facets of the cubic nanoparticles could take place during the reaction, and thus, 
creates defective and more active sites.  This might explain the decrease in the activation 
energy observed when using the cubic nanoparticles.  In the case of spherical 
nanoparticles composed of some (100) and (111) facets, the shape distribution, as well as 
the values of the activation energy, remains constant during the course of the reaction.  
This is consistent with the fact that the surface energy of the spherical shape is the lowest. 
Thus, both the tetrahedral and cubic shapes strive to become spherical, the 
thermodynamic reason for their shape changes during the catalytic reaction. 
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Figure 6.1—TEM images and shape distributions of the nanoparticle solutions used in 
the catalysis: dominantly tetrahedral (a-b), dominantly cubic (c-d), and dominantly 
spherical (e-f) platinum nanoparticle solutions. (RT = regular tetrahedral, DT = distorted 
tetrahedral, S = spherical, RC = regular cubic, DC = distorted cubic, TO = truncated 












Table 6.1—Summary of average size and change in the shape distribution* (%D) for the 
dominantly tetrahedral, cubic, and spherical platinum nanoparticles (NP) and the 































4.8 + 0.1 
 
76 + 3 RT 
13 + 1 DT 
11 + 1 S 
72 + 2 RT 
13 + 2 DT 
15 + 3 S 
14.0 + 0.6                    
(Ea) 
59 + 3 RT 
28 + 3 DT 
13 + 2 S 
17.4 + 0.8 
(Ea) 
48 + 4 RT 
39 + 3 DT 
13 + 3 S 
20.2 + 0.8 
(Ea) 
38 + 3 RT 
51 + 4 DT 
11 + 2 S 
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61 + 4 RC 
13 + 2DC 
26 + 4 TO 
58 + 4 RC 
16 + 3 DC 
26 + 4 TO 
26.4 + 1.3 
(Ea) 
52 + 3 RC 
24 + 2 DC 
24 + 3 TO 
24.1 + 1.6 
(Ea) 
46 + 2 RC 
29 + 4 DC 
25 + 2 TO 
23.0 + 1.6 
(Ea) 
41 + 3 RC 
33 + 2 DC 
26 + 3 TO 
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83 + 3 S 
17 + 2 O 
22.7 + 1.0 
(Ea) 
82 + 3 S 
18 + 4 O 
22.4 + 1.1 
(Ea) 
84 + 2 S 
16 + 3 O 





Figure 6.2—Time-dependent changes in the activation energy of the electron transfer 
reaction (a) and time-dependent changes of the initial shape of the platinum nanocatalysts 
of different shapes (b). 
 
6.5  Conclusions 
The above results suggest that indeed nanocatalysis is shape dependant.  
However, the shape of the nanoparticles could change and try to assume the most stable 
(spherical) shape during the catalytic function.  During the course of the entire electron 
transfer reaction, as the shape changes, there is a corresponding change in the activation 
energy of the reaction. 
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EFFECT OF CATALYSIS ON THE STABILITY OF METALLIC 
NANOPARTICLES:  SUZUKI REACTION CATALYZED  




7.1  Abstract 
 
Being small makes nanoparticles attractive in catalysis due to their large surface-
to-volume ratio.  However, being small raises questions about their stability in the harsh 
chemical environment in which these nanoparticles find themselves during their catalytic 
function.  In the present work, we studied the Suzuki reaction between phenylboronic 
acid and iodobenzene catalyzed by PVP-Pd nanoparticles to investigate the effect of 
catalysis, recycling, and the different individual chemicals on the stability and catalytic 
activity of the nanoparticles during this harsh reaction.  The stability of the nanoparticles 
to the different perturbations is assessed using TEM and the changes in the catalytic 
activity are assessed using HPLC analysis of the product yield.   
It was found that the process of refluxing the nanoparticles for 12 hours during the 
Suzuki catalytic reaction increases the average size and the width of the distribution of 
the nanoparticles.  This was attributed to Ostwald ripening in which the small 
nanoparticles dissolve to form larger nanoparticles.  The kinetics of the change in the 
nanoparticle size during the 12 hour period show that the nanoparticles increase in size 
during the beginning of the reaction and levels off toward the end of the first cycle.  
When the nanoparticles are recycled for the second cycle, the average size decreases.  
This could be due to the larger nanoparticles aggregating and precipitating out of 
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solution.  This process could also explain the observed loss of the catalytic efficiency of 
the nanoparticles during the second cycle.  It is also found that the addition of biphenyl to 
the reaction mixture results in it poisoning the active sites and giving rise to a low 
product yield.  The addition of excess PVP stabilizer to the reaction mixture seems to 
lead to the stability of the nanoparticle surface and size, perhaps due to the inhibition of 
the Ostwald ripening process.  This also decreases the catalytic efficiency of the 
nanoparticles due to capping of the nanoparticle surface. The addition of phenylboronic 
acid is found to lead to stabilizing the size distribution as it binds to the particle surface 
through the O- of the OH group and acts as a stabilizer.  Iodobenzene is found to have no 
effect and thus probably does not bind strongly to the surface during the catalytic process.  
These two results might have an implication on the catalytic mechanism of this reaction. 
 
7.2  Introduction 
Due to their large surface to volume ratio, nanoparticles offer higher catalytic 
efficiency per gram than larger size materials.  The field of nanocatalysis has been very 
active lately with numerous review articles published during the past decade in both 
heterogeneous catalysis in which the nanoparticles are supported on solid surfaces (e.g. 
silica or alumina)1-13 and in homogeneous catalysis with colloidal nanoparticles14-21.  
Being small in size is expected to increase the nanoparticle surface tension.  This makes 
surface atoms very active.  The question is now raised as to how active they become.  Are 
they active beyond their catalytic function and thus become reactants rather than 
catalysts?  Are they active enough to change the size and shape of the nanoparticles 
during catalysis?   
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 The purpose of our present research is to follow the changes in the average size, 
size distribution, and the shape of metallic nanoparticles as they are used in different 
catalytic reactions.  It is expected that catalysis in high temperature colloidal solutions 
will affect the integrity of the particles more than gas phase-supported solid state 
nanoparticle catalysis.  For this reason, we began examining the stability of metallic 
nanoparticles in catalytic reactions in colloidal solution. 
In the bulk of the catalysis with colloids, TEM characterization of the 
nanoparticles before and after catalysis is not given.  However, there are a few studies in 
the literature where size distribution of the nanoparticles after recycling along with the 
catalytic activity is reported for characterization.  In these studies, reactions such as 
hydrogenation of ethyl pyruvate22, hydrogenation of arenes23, carbonylation of 
methanol24, the intra- and inter-molecular Paulson-Khand reactions25, and hydrogenation 
of alkenes26 are reported.  There have also been some papers that discuss the catalytic 
activity of the nanoparticles upon recycling, but which do not examine the stability of the 
nanoparticles after catalysis.  Such studies were conducted for reactions like 
hydrogenation of alkenes27, Heck reaction between aryl halides and n-butylacrylate28, 
hydrogenation of olefins29, and hydrogenation of unsaturated fatty acid esters30.  In a 
review of transition metal colloids as reusable catalysts,31 it was pointed out that the 
major interest of reusability of the nanoparticle catalysts has not been systematically 
studied or published in the metal colloid literature. 
For reactions catalyzed by metal nanoparticles in colloidal solution, there has not 
been any detailed examination in the literature of what causes the size distribution to 
change, the role of the individual chemicals present in the reaction mixture, and whether 
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the changes in the nanoparticles affects the catalytic activity upon recycling.  A detailed 
examination is necessary in order to evaluate the nanoparticles’ usefulness in catalyses 
and to understand in detail the mechanism of “nanocatalysis”.  This will enable a much 
better understanding of what kind of nanoparticles are the best for catalysis and also 
provide insight on how to make the nanoparticles more stable and maintain their catalytic 
activity. 
It is our premise that in harsh reactions, there will be great changes in the average 
size (center of size distribution) and the width of the size distribution of the nanoparticles 
after catalysis, recycling, and in the presence of different chemicals.  Also, there will be 
great changes in the catalytic activity of the nanoparticles upon recycling.  To test this 
idea, the Suzuki reaction between phenylboronic acid and iodobenzene catalyzed by PVP 
stabilized Pd nanoparticles is chosen since it is a harsh reaction due to the need to reflux 
the reaction mixture at 100 degrees C for 12 hours.  The Suzuki cross-coupling reaction is 
an effective synthetic route toward the production of biaryls by the coupling of 
arylboronic acids and haloarenes.  It was first discovered by A. Suzuki in 198132 and is 
sometimes referred to as the Suzuki-Miyaura coupling.  The Suzuki cross-coupling 
reactions are a method of C-C bond formation that is widely used in industries.  Suzuki 
reactions have been traditionally catalyzed using many different kinds of phosphine-
based palladium catalysts and phosphine-free palladium catalysts such as Pd(PPh3)4, 
Pd(Oac)2, [(n3-C3H5)PdCl]2, and Pd2(dba)3 C6H633-37.  The use of palladium nanoparticles 
as catalysts for Suzuki reactions has been a fairly recent phenomenon.  Palladium 
nanoparticles stabilized with tetraalkylammonium salts38, PVP39,40, PANAM 
dendrimers41, PS-b-PANa block copolymer41, 1,5-Bis(4,4’-bis(perfluorooctyl)phenyl)-
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1,4-pentadien-3-one42, Keggin-type polyoxometalate43, and cyclodextrin44 have all been 
used to catalyze various Suzuki reactions. 
In this paper, PVP-Pd nanoparticles are used to catalyze the Suzuki reaction 
between phenylboronic acid and iodobenzene.  The aim of this study is to examine the 
effect of catalysis, recycling, and the different chemicals involved in the reaction on the 
stability and catalytic activity of the PVP-Pd nanoparticles. 
 
7.3  Experimental Section 
 
7.3.1  Synthesis of PVP-Pd Nanoparticles 
 The PVP-Pd nanoparticles were synthesized by the reduction of the Pd ions with 
ethanol similar to that described previously45,39,40.  The palladium precursor solution 
(H2PdCl4) was prepared by adding 0.0887 g of PdCl2, 6 mL of 0.2 M HCl, and diluting to 
250 mL with doubly distilled water.  A solution containing 15 mL of 2 mM of H2PdCl4, 
21 mL of doubly deionized water, 0.0667 g PVP, and 4 drops of 1 M HCl was heated.  
When the solution began to reflux, 14 mL of ethanol was added.  The solution was then 
refluxed for three hours and this resulted in a dark brown colloidal Pd solution.  A drop of 
the solution was spotted onto Formvar stabilized copper TEM grids and JEOL 100C 
TEM was used to characterize the size of the nanoparticles. 
 
7.3.2  Suzuki Reaction 
 The Suzuki reaction between phenylboronic acid and iodobenzene was catalyzed 
using the PVP-Pd nanoparticles as described previously39-41.   For this reaction, 0.49 g (6 
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mmol) of sodium acetate, 0.37 g (3 mmol) of phenylboronic acid, and 0.20 g (1 mmol) of 
iodobenzene was added to 150 mL of 3:1 acetonitrile:water solvent.  The solution was 
heated to 100 oC and 5 mL of the PVP-Pd nanoparticles was added to start the reaction.  
The reaction mixture was refluxed for a total of 12 hours. 
 
7.3.3  Recycling the PVP-Pd Nanoparticles for Second Cycle of Suzuki Reaction 
The same reaction mixture solution was used for recycling after the addition of 
fresh amounts of the reactants.  For recycling, an assumption was made that all of the 
iodobenzene was used up since it is the limiting reactant.  Initially there is 1 mmol 
iodobenzene and 3 mmol phenylboronic acid present in the reaction mixture.  After the 
first cycle, it is assumed that there is no iodobenzene left and 2 mmol phenylboronic acid 
left.  As a result, for the second cycle, 1 mmol iodobenzene and 1 mmol phenylboronic 
acid were added.  The reaction mixture was then refluxed for another 12 hours to 
complete the second cycle. 
 
7.3.4  The TEM Study to Assess Nanoparticle Stability 
 To examine the changes in the nanoparticles after catalysis, samples of the 
reaction mixture before and after refluxing for 12 hours were spotted onto Formvar 
stabilized copper TEM grids.  The JEOL 100C TEM was used to determine the changes 
in the width and center of the size distributions of the PVP-Pd nanoparticles.  The widths 
and centers of the size distributions of the PVP-Pd nanoparticles during various time 
periods in the first cycle such as 1 hour, 3 hours, 6 hours, and 10 hours were also 
obtained.  The effect of recycling on the nanoparticles was also investigated using TEM.  
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In addition, TEM was also used to understand the roles of the different chemicals present 
during the Suzuki reaction.  The effects of refluxing the PVP-Pd nanoparticles in the 
solvent, in the solvent + sodium acetate, in the solvent + sodium acetate + phenylboronic 
acid, and in the solvent + sodium acetate + iodobenzene were investigated.  The impact 
of adding 0.5 g of PVP with the PVP-Pd nanoparticles solution was also investigated. 
 For all of the above experiments, the concentration of the Pd ions present in 
nanoparticles is 6.00 x 10-4 M and when 5 mL of the nanoparticles is added to 150 mL of 
the 3:1 acetonitrile:water solvent, the concentration of the Pd ions is 1.94 x 10-5 M.  For 
the experiments, the samples were spotted by placing a drop of the solution onto a 
Formvar stabilized copper grid and allowed to evaporate in air.  The spotted samples take 
approximately 30 minutes to dry.  Since the same deposition conditions are employed for 
all samples, the evaporation rate of the solvent is fairly reproducible from one sample to 
another.  For each of the experiments, the internal reproducibility of the observed particle 
size and distribution was verified by spotting the sample onto 3 separate TEM grids.  
TEM images were also obtained from different sections of the TEM grids to verify the 
reproducibility of the particle size and distribution.  The general reproducibility of the 
observed particle size and distribution was verified by conducting each of the 
experiments 3 times.  As a result, it is possible to compare the particle size and 
distribution changes under various conditions. 
 The nanoparticle size and distribution was determined by counting approximately 
1800 nanoparticles from 9 enlarged TEM images (approximately 200 nanoparticles from 
each TEM image).  The size distribution plots were fit using a Gaussian model with 
Microcal Origin 5.0 graphing software in order to determine the widths and centers of the 
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size distributions.  The width of the distribution gives an idea of how narrow or wide the 
size distribution is and the center of the distribution is the most probable or average size 
of the nanoparticles (depending on the shape of the distribution).       
 
7.3.5  HPLC Experiments to Measure Catalytic Activity 
 HPLC measurements were conducted on a Hitachi-4500 HPLC equipped with a 
L4500A diode array detector in which the absorbance was monitored at 254 nm.  The 
separation was carried out on a reversed-phase packed column (Rainin Microsorb-MV 
C18, 300 Angstroms, dim 4.6 x 250 mm) using a 60:40 acetonitrile-water mixture and a 
flow rate of 1 mL/min.  The area of the chromatographic peaks was calculated with a D-
6000 interface-integrator.  A calibration curve for determining the concentration of 
biphenyl was constructed by plotting the peak area vs. concentration of biphenyl 
standards.  The standards prepared were 0.0005 M, 0.001 M, 0.0015 M, 0.002 M, 0.0025 
M, and 0.003 M biphenyl.  For HPLC measurements, all samples were diluted to ¼ of the 
original concentration so that the peak areas will be within the range of the calibration 
curve.  The actual concentration was determined by taking the concentration of the 
diluted sample and multiplying by 4.  The concentration of biphenyl was determined 
before the first cycle, after the first cycle, before the second cycle, and after the second 
cycle.  Also, the effect of PVP on the amount of biphenyl formed was also determined.  
In addition, the impact of the presence of biphenyl in the Suzuki reaction mixture on the 
formation of biphenyl product was also investigated using HPLC. 
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7.4  Results and Discussion 
In this paper, a detailed examination of the stability of the PVP-Pd nanoparticles 
after catalyzing the Suzuki reaction between phenylboronic acid and iodobenzene, after 
recycling, and in the presence of chemicals has been investigated.  Also, the reasons why 
the changes in the width and center of the size distributions occur are discussed.  Table 
7.1 summarizes the widths and centers of distributions of the PVP-Pd nanoparticles 
before and after various conditions. 
Table 7.1—Summary of Gaussian fits showing the widths and centers of size 
distributions of PVP-Pd nanoparticles before and after various perturbations (SA = 
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7.4.1  Effect of Catalysis and Recycling 
Figure 7.1a shows a representative TEM image of the PVP-Pd nanoparticles 
before the first cycle of Suzuki reaction and Figure 7.1b shows the Gaussian fits of the 
size distributions of the nanoparticles.  It can be seen that the PVP-Pd nanoparticles are 
monodisperse with an average size (center of distribution) of 2.1 + 0.1 nm.  Figure 7.1c 
shows a representative TEM image of the nanoparticles after the first cycle of the Suzuki 
reaction and Figure 7.1d shows the Gaussian fits of the size distributions of the 
nanoparticles.  By comparing the Gaussian fits before and after the first cycle in Figure 
7.1b, Figure 7.1d, and Table 7.1, it can be seen that both the widths and centers of the 
size distributions of the nanoparticles increase after the first cycle and that the size 
distribution shifts toward larger size.  Also, the width of the size distribution after the first 
cycle is very broad.  The observation of the increase in the size of the nanoparticles might 
be explained by the Ostwald ripening processes during the refluxing the reaction mixture 
containing the nanoparticles for 12 hours.  The Ostwald ripening process is a mechanism 
for cluster growth.  In this growth process, there is detachment of atoms from the smaller 
clusters then reattachment on the more stable surface of the larger clusters46,47.  As a 
result, the larger clusters grow in size while the smaller clusters shrink or dissolve 
altogether.  Furthermore, the solution itself probably has a large concentration of atomic 
Pd in monomeric and different polymeric forms resulting from the reduction of the salt.  
These will be used to allow the growth of the nanoparticles during the 12 hours refluxing 




Figure 7.1—TEM images and Gaussian fits of the size distributions of PVP-Pd NPs 
before the Suzuki reaction (a,b), after the first cycle (c,d), and after the second cycle (e,f) 
Figure 7.1e shows a typical TEM image of the nanoparticles after the second cycle 
 
Figure 7.1e shows a typical TEM image of the nanoparticles after the second 
cycle of the Suzuki reaction and Figure 7.1f shows the Gaussian fits of the size 
distributions of the nanoparticles.  By comparing the Gaussian fits in Figure 7.1b, Figure 
7.1d, Figure 7.1f, and Table 7.1, it can be seen that the widths and centers of the size 
distributions of the nanoparticles become much smaller after the second cycle of the 
 148 
Suzuki reaction.  This observation might be due to the aggregation and precipitation of 
the larger nanoparticles formed during the first cycle.  As a result, the average size of the 
nanoparticles in solution decreases. 
Table 7.2 summarizes the concentration of biphenyl formed after the first and 
second cycle of the Suzuki reaction and after the Suzuki reaction in the presence of 0.5 g 
of PVP.  The percentage change in the biphenyl concentration formed is also compared.  
The catalytic activity of the nanoparticles after the first and second cycle of the Suzuki 
reaction is compared by using HPLC to find out if the nanoparticles remain catalytically 
active during the second cycle or if they become less catalytically active.  A calibration 
curve of the peak area vs. concentration of biphenyl standards was constructed.  The 
equation, y = 5.79 * 106 x – 618422.75, generated from the calibration curve is used to 
determine the concentration of biphenyl in the Suzuki reaction mixtures.  HPLC 
chromatograms were obtained of the reaction mixtures before the first cycle, after the 
first cycle, before the second cycle, and after the second cycle.  The concentration of 
biphenyl was determined after the first cycle and after the second cycle.  After the first 
cycle of the reaction, there is 39 + 4% yield of biphenyl.  After the second cycle of the 
reaction, the overall yield of biphenyl is 54 + 2%, while the yield for the second cycle 
alone is 15 + 3%.   Since the amount of biphenyl formed during the second cycle is much 
lower than the amount formed in the first cycle, the PVP-Pd nanoparticles are definitely 
much less catalytically active during the second cycle of the reaction.  The reason why 
the nanoparticles are much less catalytically active during the second cycle might be due 
to a lower amount of nanoparticles present in the solution if due to the precipitation of 
larger nanoparticles.  Another possibility is that if the number density has not changed, 
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but only the size is getting smaller, that the smaller particles might not be as catalytically 
active as the larger particles.  In a previous paper40, the catalytic activity of PVP-Pd 
nanoparticles of different sizes was examined.  It was found that the catalytic activity 
increases with decreasing size of the nanoparticles.  As a result, the latter explanation is 
ruled out.  As a result, the lower catalytic activity observed during the second cycle is due 
to a lower amount of nanoparticles present in solution due to the larger nanoparticles 
aggregating and precipitating out of solution.  In addition, surface poisoning by the 
products could be another reason.   
Table 7.2—Concentration of the Product Biphenyl after the Various Conditions as 













3.00 + 0.32 mM biphenyl  
(39 + 4% yield) 
 
 




4.11 + 0.12 mM biphenyl  
(54 + 2% overall yield)  
(15 + 3% yield in second cycle) 
 
 
After Suzuki Reaction in Presence 
of  0.5 g PVP 
 
2.28 + 0.18 mM biphenyl  
(30 + 2% yield) 
 
 
Before Suzuki Reaction in 
Presence of 1 mmol Biphenyl 
 
 
7.61 + 0.42 mM biphenyl (started 
with theoretical yield of biphenyl) 
 
After Suzuki Reaction in Presence 
of 1 mmol Biphenyl 
 
 
10.20 + 0.47 mM biphenyl  




It is noticed that yield of biphenyl in comparison to the theoretical yield is low.  
Experiments of conducting the Suzuki reaction in the presence of 1 mmol biphenyl were 
done to find out the amount of product that forms.  The reason 1 mmol biphenyl is added 
is because that is the theoretical yield of biphenyl that can be formed.  As seen by the 
HPLC results shown in Table 7.2, the presence of biphenyl in the reaction mixture results 
in inhibition of the reaction and the yield of biphenyl is 34 + 6%.  As a result, the low 
yield of biphenyl both in the first and second cycle could be due to the biphenyl product 
formed itself poisoning the active sites. 
The stability of the PVP-Pd nanoparticles during different time periods of the first 
cycle of the Suzuki reaction was also investigated.  Figure 7.2a shows the nanoparticle 
size as a function of time.  It can be seen that the PVP-Pd nanoparticles smoothly 
increase in size during the beginning of the reaction from 0 to 3 hours and then levels off 
near the end of the first cycle.  This suggests that the Ostwald ripening occurs during the 
first three hours and then levels off toward the end of the first cycle of the Suzuki 
reaction due to the depletion of the small nanoparticles as well as free atoms in solution.  
Figure 7.2b shows the dependence of the concentration of product biphenyl as a function 
of time.  It can be seen that there is rapid formation of biphenyl during the first hour of 
the reaction and then its rate of formation is greatly reduced.  This reduction is probably a 





Figure 7.2—PVP-Pd nanoparticle size as a function of reaction time (a), Biphenyl 
concentration as a function of reaction time (b) 
 
7.4.2  Effect of Excess PVP Stabilizer 
For all the experiments, TEM images and Gaussian fits of the size distributions 
were obtained before each perturbation as shown in Table 7.1, but in order to concisely 
summarize the results in the figure, Figure 7.3a and Figure 7.3b show a typical TEM 
image and Gaussian fits of the PVP-Pd nanoparticles before any perturbations.  Figure 
7.3c and 7.3d show typical TEM image and Gaussian fits of the size distributions of the 
nanoparticles after the Suzuki reaction in the presence of 0.5 g PVP.  By comparing the 
Gaussian fits in Figure 7.3b, Figure 7.3d, and in Table 7.1, it can be seen that the widths 
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and centers of the distributions after the reaction are slightly larger than before the 
reaction, but are not as large as without the presence of the PVP which is shown in Figure 
7.1d and Table 7.1.  Since the nanoparticles do not get as large as after a normal catalytic 
reaction, the presence of the excess PVP stabilizer probably diminishes the Ostwald 
ripening process by capping many of the free sites in the surface of the Pd nanoparticles.  
As a result, there are less free sites available for the Ostwald ripening process to occur. 
The catalytic activity of the nanoparticles in the Suzuki reaction with 0.5 g PVP 
present was investigated using HPLC and compared to that of a normal catalytic mixture. 
It was found that there is only 30 + 2% yield of biphenyl when excess PVP was present 
in the reaction mixture as shown in Table 7.2.  As a result, the presence of excess PVP 
results in a lower amount of biphenyl formed after the reaction.  The lower catalytic 
activity observed when the Suzuki reaction is conducted in the presence of 0.5 g PVP is 
due to the fact that there is less free metallic surface sites available for the catalysis since 
many of the free sites are capped by the excess PVP stabilizer.  Figure 7.3e shows a 
typical TEM image of the nanoparticles after refluxing them in the 3:1 acetonitrile:water 
solvent for 12 hours and Figure 7.3f shows Gaussian fits of the size distributions of the 
nanoparticles after refluxing them in the presence of 3:1 acetonitrile:water solvent.  By 
comparing the Gaussian fits in Figure 7.3b, Figure 7.3f, and Table 7.1, it can be seen that 
both the widths and the centers of the size distributions of the nanoparticles become 
larger after just refluxing them for 12 hours in the presence of the solvent.  Also, the 
centers of the size distributions shift toward larger sized nanoparticles.  The increase in 
the size of the nanoparticles observed is probably due to the Ostwald ripening process.  
The reason why the process is much more prominent in this case than after the first cycle 
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of the Suzuki reaction is because there is no phenylboronic acid present to bind to the 
nanoparticle surface and inhibit the Ostwald ripening process.  The role of phenylboronic 
acid on the Ostwald ripening process of the nanoparticles is discussed later. 
 
Figure 7.3—TEM images and Gaussian fits of PVP-Pd nanoparticles before any 
perturbations (a,b), after Suzuki reaction with excess PVP (c,d), after refluxing in just 
solvent (e,f), and after refluxing in just solvent + excess PVP (g,h) 
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Figure 7.3g shows a typical TEM image of the nanoparticles after refluxing in the 
presence of solvent and 0.5 g PVP and Figure 7.3h shows Gaussian fits of the size 
distributions.  By comparing the Gaussian fits in Figure 7.3f, Figure 7.3h, and Table 7.1, 
it can be seen that the widths and centers of the size distributions of the nanoparticles still 
get larger but do not get as large as without the presence of the additional PVP which is 
shown in Figures 7.3e,f.  It can also be seen that the addition of a large quantity of PVP 
(0.5 g) to the mixture greatly diminishes the Ostwald ripening process because the 
additional PVP present in the solution caps many of the free metallic surface sites in the 
nanoparticles.  Since fewer sites are available for the Ostwald ripening process, the 
nanoparticles do not greatly increase in size. 
 
7.4.3  Effect of Chemicals 
For all the experiments, TEM images and Gaussian fits of the size distributions 
were obtained before each perturbation as shown in Table 7.1, but in order to concisely 
summarize the results in the figure, Figure 7.4a and Figure 7.4b show a typical TEM 
image and Gaussian fits of the PVP-Pd nanoparticles before any perturbations.  Figure 
7.4c shows a typical TEM image of the nanoparticles after refluxing them in the solvent + 
sodium acetate while Figure 7.4d shows Gaussian fits of the size distributions of the 
nanoparticles.  As evident by comparing the Gaussian fits in Figure 7.4b, Figure 7.4d, 
and Table 7.1, the centers and widths of the size distributions increase after refluxing in 
solvent + sodium acetate.  For this experiment, 0.49 g sodium acetate was added to 150 
mL of 3:1 acetonitrile:water solvent.  The increase in the size of the nanoparticles 
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observed is due to the Ostwald ripening process.  Also, since there is no phenylboronic 
acid present to inhibit the Ostwald ripening process, the observed centers and widths of 
the distributions are larger than those observed after the first cycle of the Suzuki reaction.  
The impact of phenylboronic acid on the Ostwald ripening process is discussed next. 
Figure 7.4e shows a typical TEM image of the nanoparticles after refluxing them 
in the presence of solvent + sodium acetate + phenylboronic acid.  Figure 7.4f shows 
Gaussian fits of the size distributions of the nanoparticles.  By comparing the Gaussian 
fits in Figure 7.4b, Figure 7.4f, and Table 7.1, it can be seen that the nanoparticles 
increase in size only slightly.  The reason for this observation is that phenylboronic acid 
in the presence of the base sodium acetate is in the deprotonated form and as a result 
binds with the O- of the OH group to the free sites in the Pd nanoparticles and acts as a 
capping material.  When the phenylboronic acid binds to the free sites, it acts as a 
stabilizer and as a result greatly diminishes the Ostwald ripening process.  The presence 
of phenylboronic acid also plays a role in the first cycle and second cycle of the Suzuki 
reaction.  Because of the presence of phenylboronic acid, the Ostwald ripening process is 
not as prominent after the first cycle of the Suzuki reaction than in the presence of just 
the solvent, solvent + sodium acetate, and solvent + sodium acetate + iodobenzene.  In 
the second cycle of the Suzuki reaction, the catalytic activity is greatly diminished which 
suggests that more phenylboronic acid is bound to the nanoparticles and as a result, the 





Figure 7.4—TEM images and Gaussian fits of PVP-Pd nanoparticles before any 
perturbations (a,b), after just solvent + sodium acetate (c,d), after just solvent + sodium 
acetate + phenylboronic acid (e,f), and after just solvent + sodium acetate + iodobenzene 
(g,h) 
 
Figure 7.4g shows a typical TEM image of the nanoparticles after refluxing them 
in the presence of solvent + sodium acetate + iodobenzene and Figure 7.4h shows 
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Gaussian fits of the size distributions.  By comparing the centers and widths of the size 
distributions shown in Figure 7.4b, Figure 7.4h, and Table 7.1, it can be seen that the 
nanoparticles do increase in size but do not get as large as after just refluxing in solvent.  
The Ostwald ripening process is responsible for the observed increase in the size of the 
nanoparticles that is observed.  The iodobenzene does not bind to the surface of the 
nanoparticles and as a result does not inhibit the Ostwald ripening process.  Also, 
phenylboronic acid is not present to inhibit the Ostwald ripening process. 
It is evident that in the Suzuki reaction, phenylboronic acid binds to the surface of 
the palladium nanoparticles and iodobenzene does not.  As a result, any catalytic 
mechanism for the Suzuki reaction between phenylboronic acid and iodobenzene has to 
propose that phenylboronic acid binds to the surface of the nanoparticles and then the 
reaction with iodobenzene occurs by collisional processes. 
 
7.5  Conclusions 
The center and width of the size distribution of the PVP-Pd nanoparticles 
increases after the first cycle of the Suzuki reaction.  The process of refluxing the 
nanoparticles during the Suzuki reaction seems to cause Ostwald ripening in which the 
size of nanoparticles increases at the expense of the smaller ones due to atomization and 
diffusion between particles.  The nanoparticles increase in size during the beginning of 
the reaction and levels off toward the end of the first cycle.  After the second cycle of the 
reaction, the center and width of the size distribution of the nanoparticles becomes much 
smaller.  This observation is explained by the aggregation and precipitation of the larger 
nanoparticles leaving the smaller nanoparticles in solution.  As a result, the catalytic 
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efficiency of the nanoparticles during the second cycle is diminished.  The smaller 
nanoparticles in solution do not increase in size due to the presence of a greater amount 
of phenylboronic acid bound to the free sites which decreases their catalytic activity.  It is 
also found that the presence of biphenyl product in the reaction mixture results in it 
poisoning the active sites and giving rise to a low product yield.  The addition of PVP 
stabilizer to the reaction mixture diminishes the Ostwald ripening process as well as 
diminishes the catalytic activity of the nanoparticles.  This is due to the binding to the 
surface and prevents the adsorption of new metallic atoms or the use in catalysis.   
 Ostwald ripening of the nanoparticles also occurs when the sodium acetate base is 
present along with the solvent.  The presence of phenylboronic acid, one of the reactants, 
inhibits the Ostwald ripening process since it binds to the nanoparticle surface through 
the O- of its ionized OH group and acts as a stabilizer.  Ostwald ripening of the 
nanoparticles occurs in the presence of iodobenzene, the other reactant.  Thus, 
iodobenzene does not seem to strongly bind to the surface of the nanoparticles.  As result, 
any catalytic mechanism for the Suzuki reaction between phenylboronic acid and 
iodobenzene has to consider proposing that the phenylboronic acid binds to the surface 
and then reacts with iodobenzene via collisional processes. 
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EFFECT OF COLLOIDAL CATALYSIS ON THE NANOPARTICLE SIZE  
DISTRIBUTION:  DENDRIMER-PD VS. PVP-PD NANOPARTICLES  




8.1  Abstract 
 
A comparison of the stability and catalytic activity of PAMAM-OH Generation 4 
dendrimer-Pd nanoparticles (1.3 + 0.1 nm) with the previously studied PVP-Pd 
nanoparticles (2.1 + 0.1 nm) in the Suzuki coupling reaction between phenylboronic acid 
and iodobenzene is conducted.  After the first cycle, the average size of the PVP-Pd 
nanoparticles increases by 38% and the dendrimer-Pd nanoparticles increase by 54%.  
After the second cycle, the PVP-Pd nanoparticles decrease in size by 24% while the 
dendrimer-Pd nanoparticles continue to increase in size by 35%.  The strong 
encapsulating action of the PAMAM-OH Generation 4 dendrimer-Pd nanoparticles could 
make the rate of conversion to the full nanoparticle size slow resulting in a large excess 
Pd metal atom concentration in solution resulting in the continuous growth of the 
nanoparticles during the catalytic reaction.   
The effect of the individual reactants on the stability of the dendrimer-Pd 
nanoparticles have also been investigated and found to be similar to that observed for the 
PVP-Pd nanoparticles previously.  It was found that the nanoparticle size growth occurs 
while refluxing in the presence of only the solvent, sodium acetate, or iodobenzene.  
However, the presence of phenylboronic acid is found to inhibit the particle growth, 
suggesting that it acts as a capping agent.  Thus, the surface catalytic mechanism must 
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involve the adsorption of phenylboronic acid to the nanoparticle surface which 
subsequently reacts with the iodobenzene in solution.  This is similar to the catalytic 
mechanism found previously on PVP-Pd nanoparticles, suggesting that the mechanism of 
surface catalysis is insensitive to the capping material used.   
The ratio of the yield of biphenyl formed in the second cycle to that in the first 
cycle is higher for the dendrimer-Pd nanoparticles catalyzed reaction than for the PVP-Pd 
nanoparticles.  This could be due to the greater stability of the dendrimer-Pd 
nanoparticles and the increase in its size during the reaction.  The larger PVP-Pd 
nanoparticles studied previously is believed to aggregate and precipitate out of solution 
during the second cycle.  The presence of excess dendrimer is found to severely diminish 
the catalytic activity of the dendrimer-Pd nanoparticles and also diminishes the change in 
the Pd nanoparticle size during the catalysis. 
 
8.2  Introduction 
Due to their large surface to volume ratio, nanoparticles offer higher catalytic 
efficiency per gram than a larger size material.  The field of nanocatalysis has been very 
active lately with numerous review articles published during the past decade in both 
heterogeneous catalysis in which the nanoparticles are supported on solid surfaces (e.g. 
silica or alumina)1-13 and in homogeneous catalysis with colloidal nanoparticles14-21.  
Being small in size is expected to increase the nanoparticle surface tension.  This makes 
surface atoms very active. Are they active enough to change the size and shape of the 
nanoparticles during catalysis?  In the bulk of the catalysis with colloids, TEM 
characterization of the nanoparticles before and after catalysis is not given.  However, 
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there are a few studies in the literature where size distribution of the nanoparticles after 
recycling along with the catalytic activity is reported for characterization22-28.  There have 
also been some papers that discuss the catalytic activity of the nanoparticles upon 
recycling, but which do not examine the stability of the nanoparticles after catalysis29-32.  
In a review of transition metal colloids as reusable catalysts,33 it was pointed out that the 
major interest of the reusability of nanoparticle catalysts has not been systematically 
studied or published in the metal colloid literature. 
There have been very few detailed studies in the literature that examine the 
stability and catalytic activity of metal nanoparticles in colloidal solution which are used 
to catalyze various organic and inorganic reactions.  In our previous study22 conducted 
with PVP-Pd nanoparticles catalyzing the Suzuki reaction between phenylboronic acid 
and iodobenzene, it was found that after the first cycle of the reaction, the nanoparticles 
increased in size, and this was attributed to the Ostwald ripening process.  After the 
second cycle of the reaction, the nanoparticle size decreases and this was attributed to the 
larger nanoparticles aggregating and precipitating out of solution.  It was also found that 
the Ostwald ripening process occurs in the presence of iodobenzene, while in the 
presence of phenylboronic acid, the process is greatly diminished.  As a result, it was 
proposed that the surface catalytic mechanism involves phenylboronic acid binding to the 
nanoparticle surface and reacting with iodobenzene in solution. 
 The previous study with PVP-Pd nanoparticles raises some additional interesting 
questions.  Does the method of preparing the nanoparticles used to catalyze the Suzuki 
reaction affect the particle growth process?  Does the capping agent used affect the 
proposed catalytic mechanism of the Suzuki reaction?  How does the change in the size 
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of the nanoparticles during the second cycle of the reaction affect the biphenyl product 
yield? 
In order to shed light to these questions, the stability and catalytic activity of 
PAMAM-OH Generation 4 dendrimer capped Pd nanoparticles is examined and 
compared to those of the PVP-Pd nanoparticles studied previously.  The use of dendrimer 
stabilized nanoparticles for catalyzing reactions has been a fairly recent activity.  The first 
report of the use of dendrimers as capping agents in the preparation of metal 
nanoparticles is by the Crooks group34.  A few examples of reactions catalyzed by 
dendrimer encapsulated nanoparticles include hydrogenation of olefins35-37, Heck 
reactions38, oxidation reactions39, reduction reactions40, and Suzuki reactions41. In a 
previous study41, PAMAM-OH Generation 2, 3, and 4 dendrimers have been used as 
stabilizers for Pd nanoparticles in an effort to understand the effect of dendrimer 
generation on the catalytic activity of the nanoparticles catalyzing the Suzuki reaction.  It 
was found that Generation 2 dendrimers do not provide effective protective action while 
Generation 3 and 4 dendrimers are good stabilizers.  Palladium in PAMAM-OH 
Generation 4 dendrimers is found to be the best catalyst because the dendrimer stabilizes 
the metal nanoparticles by preventing their agglomeration but it does not fully passivate 
the metal surface.  A desirable property in a colloidal catalyst is to be small and stable, 
but with a nanoparticle surface that is not fully passivated so that reactants can access the 
encapsulated clusters. 
The PAMAM-OH Generation 4 dendrimer-Pd nanoparticles are prepared using 
the sodium borohydride reduction method while the PVP-Pd nanoparticles in the 
previous study22 were prepared using the ethanol reduction method.  The aim of this 
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paper is to study how the method of synthesizing the nanoparticles affects the particle 
growth process, how the capping agent affects the mechanism of surface catalysis, and 
how the size of the nanoparticles during the second cycle of the reaction affects the 
biphenyl product yield. 
 
8.3  Experimental Section 
 
8.3.1  Synthesis of PAMAM-OH Dendrimer Stabilized Pd Nanoparticles 
 The PAMAM-OH dendrimer stabilized Pd nanoparticles were synthesized in a 
similar manner to that described previously41.  The dendrimer solution was rotovaped to 
remove the methanol solvent.  A 1 mM aqueous solution of the dendrimer and a 3 mM 
solution of K2PdCl4 were prepared.  To prepare the nanoparticles, 90 mL of the 
dendrimer solution was added to 30 mL of the K2PdCl4 solution.  The solution is stirred 
under nitrogen for five minutes.  Then, 2 mL of 0.36 M of sodium borohydride is added 
to the solution.  The solution is stirred vigorously under nitrogen atmosphere for 1 hour.  
The 120 mL volume of nanoparticle solution was diluted to a total volume of 150 mL by 
adding 30 mL of doubly deionized water.  The dilution was done so that the 
concentration of the initial Pd ions in the dendrimer capped nanoparticles would be the 
same as for the PVP-Pd nanoparticles studied previously for comparison purposes.  The 
diluted dendrimer-Pd nanoparticle solution was used for all of the experiments 
conducted.  JEOL 100C TEM is used to determine the average size and distribution of the 
nanoparticles.   
 167 
 
8.3.2  Suzuki Reaction between Phenylboronic Acid and Iodobenzene 
The Suzuki reaction between phenylboronic acid and iodobenzene was catalyzed 
using the PAMAM-OH Generation 4 dendrimer capped Pd nanoparticles as described 
previously41-43.   For this reaction, 0.49 g (6 mmol) of sodium acetate, 0.37 g (3 mmol) of 
phenylboronic acid, and 0.20 g (1 mmol) of iodobenzene was added to 150 mL of 3:1 
acetonitrile:water solvent.  The solution was heated to 100 oC and 5 mL of the dendrimer 
capped Pd nanoparticles was added to start the reaction.  The reaction mixture was 
refluxed for a total of 12 hours. 
The same reaction mixture solution was used for recycling after the addition of 
fresh amounts of the reactants.  For recycling, an assumption was made that all of the 
iodobenzene was used up since it is the limiting reactant.  Initially there is 1 mmol 
iodobenzene and 3 mmol phenylboronic acid present in the reaction mixture.  After the 
first cycle, it is assumed that there is no iodobenzene left and that there are 2 mmol 
phenylboronic acid left.  As a result, for the second cycle, 1 mmol iodobenzene and 1 
mmol phenylboronic acid were added.  The reaction mixture was then refluxed for 
another 12 hours to complete the second cycle. 
 
8.3.3  TEM Studies 
To examine the changes in the size distribution of the nanoparticles during the 
catalysis, samples of the reaction mixture before and after refluxing for 12 hours were 
spotted onto Formvar stabilized copper TEM grids.  The JEOL 100C TEM was used to 
determine the average widths and centers of the size distributions of the dendrimer-Pd 
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nanoparticles after the first and second catalytic cycles.  The effect of the amount of 
reduction time in synthesizing the nanoparticles is also examined.  In addition, TEM was 
also used to examine the effect of the different chemicals present during the Suzuki 
reaction.  The effects of refluxing for 12 hours on the nanoparticle size distribution of the 
dendrimer-Pd nanoparticles in the presence of the solvent alone, in the solvent + sodium 
acetate, in the solvent + sodium acetate + phenylboronic acid, and in the solvent + 
sodium acetate + iodobenzene were investigated.  The impact of adding excess dendrimer 
to the Pd nanoparticle solution before the reaction was also investigated. 
 For all of the above experiments, the concentration of the Pd ions present initially 
in the nanoparticles is 6.00 x 10-4 M and when 5 mL of the nanoparticles is added to 150 
mL of the 3:1 acetonitrile:water solvent, the concentration of the Pd ions present initially 
is 1.94 x 10-5 M.  For the experiments, the samples were spotted by placing a drop of the 
solution onto a Formvar stabilized copper grid and allowed to evaporate in air.  The 
spotted samples take approximately 30 minutes to dry.  Since the same deposition 
conditions are employed for all samples, the evaporation rate of the solvent is fairly 
reproducible from one sample to another.  For each of the experiments, the internal 
reproducibility of the observed particle size and distribution was verified by spotting the 
sample onto 3 separate TEM grids.  TEM images were also obtained from different 
sections of the TEM grids to verify the reproducibility of the particle size and 
distribution.  The general reproducibility of the observed particle size and distribution 
was verified by conducting each experiment 3 times.  As a result, it is possible to 
compare the particle size and distribution changes under various conditions. 
 169 
 The nanoparticle size and distribution was determined by counting approximately 
1800 nanoparticles from 9 enlarged TEM images (approximately 200 nanoparticles from 
each TEM image).  The size distribution plots were fit using a Gaussian model with 
Microcal Origin 5.0 graphing software in order to determine the widths and centers of the 
size distributions.  The width of the distribution gives an idea of how narrow or wide the 
size distribution is and the center of the distribution is the most probable or average size 
of the nanoparticles (depending on the shape of the distribution). 
 
8.3.4  HPLC Studies 
 The determination of the concentration of biphenyl product and thus the reaction 
yield were carried out by using the Hitachi-4500 HPLC equipped with a L4500A diode 
array detector in which the absorbance at 254 nm was monitored.  The separation was 
carried out on a reversed-phase packed column (Rainin Microsorb-MV C18, 300 
Angstroms, dim 4.6 x 250 mm) using a 60:40 acetonitrile-water mixture and a flow rate 
of 1 mL/min.  The area of the chromatographic peaks was calculated with a D-6000 
interface-integrator.  A calibration curve for determining the concentration of biphenyl 
was constructed by plotting the peak area vs. concentration of biphenyl standards.  The 
standards prepared were 0.0005 M, 0.001 M, 0.0015 M, 0.002 M, 0.0025 M, and 0.003 M 
biphenyl.  For HPLC measurements, all samples were diluted to ¼ of the original 
concentration so that the peak areas will be within the range of the calibration curve.  The 
concentration of biphenyl was determined before the first cycle, after the first cycle, 
before the second cycle, and after the second cycle.  Also, the effect of the presence of 
excess dendrimer on the amount of biphenyl formed was also determined. 
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8.4  Results and Discussion 
 
8.4.1  Effect of Nanoparticle Preparation Method on the Particle Size Growth 
In our previous study of the Suzuki reaction between phenylboronic acid and 
iodobenzene conducted using PVP-Pd nanoparticles22, it was found that after the first 
cycle of the reaction, the center of distribution increased by 38 + 10% and the width of 
distribution increased by 155 + 18%.  This was attributed to Ostwald ripening22 of the 
nanoparticles i.e. a result of dissolving the small sized nanoparticles to feed the growth of 
the larger ones that have lower surface tension.  It also could result from the presence of 
metal atoms in solution which continues to deposit on the nanoparticle surface.  Of 
course, if the mechanism of the particle growth involves the reduction of the metal ions 
on the surface of the nanoparticle, excess metal ions in solution could lead to the 
observed nanoparticle size during the catalytic reaction. 
After the second cycle of the reaction, the centers of distribution actually 
decreases by 24 + 3% and the widths of distributions decrease by 68% compared to the 
size during the first cycle.  This decrease in size was attributed to the aggregation of 
larger Pd nanoparticles leading to its precipitating out of solution leaving only the smaller 
nanoparticles in solution.  Table 1 summarizes the center and width of the size 
distribution before and after the different conditions.  The percentage increase/decrease in 





Table 8.1—Summary of widths and centers of size distributions of PAMAM-OH 
generation 4 dendrimer capped Pd nanoparticles before and after different perturbations 
























0.7 + 0.1 
After first 
cycle 




2.5 + 0.1 
 
 
1.3 + 0.1 
After first 
cycle 










0.7 + 0.1 
 
1.3 + 0.2 
 
1.4 + 0.1 
 





0.7 + 0.1 
 
1.6 + 0.2 
 
1.3 + 0.1 
 





0.7 + 0.1 
 
1.5 + 0.2 
 
1.3 + 0.1 
 
1.7 + 0.1 
Reflux in 
Solvent + SA 
 
0.8 + 0.1 
 
2.0 + 0.2 
 
1.3 + 0.1 
 
2.1 + 0.3 
Reflux in 
Solvent + SA + 
PA 
 
0.7 + 0.1 
 
0.8 + 0.1 
 
1.3 + 0.1 
 
1.5 + 0.1 
Reflux in 
Solvent + SA + 
I 
 
0.7 + 0.1 
 
1.3 + 0.2 
 
 
1.3 + 0.1 
 
2.3 + 0.2 
 
Table 8.2—Comparison of the percentage change in the centers and widths of 
distributions for the PVP-Pd nanoparticles and the PAMAM-OH Generation 4 






% Increase (+)/% 
Decrease (-) in CD and WD 
of PVP-Pd Nanoparticles 
(Initially:  2.1 + 0.1 nm)22 
% Increase (+)/% 
Decrease (-) in CD and WD 
of Dendrimer-Pd 
Nanoparticles 
(Initially:  1.3 + 0.1 nm) 
First Cycle of Suzuki 
Reaction 
(CD = +38 + 10%) 
(WD = +155 + 18%) 
(CD = +54%) 
(WD = +186%) 
Second Cycle of 
Suzuki Reaction 
(CD = -24 + 3%) 
(WD = -68%) 
(CD = +35%) 
(WD = +14%) 
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The stability of the PAMAM-OH Generation 4 dendrimer capped Pd 
nanoparticles after the first and second cycle of the Suzuki reaction was also investigated 
to gain a better understanding of the nanoparticle growth process.  Table 8.1 summarizes 
the centers and widths of the distributions determined from Gaussian fits for various 
perturbations that were conducted.  Figure 8.1a and 8.1b show typical TEM image and 
Gaussian fits of the size distributions of PAMAM-OH Generation 4 dendrimer capped Pd 
nanoparticles before the Suzuki reaction.  It can be seen that the nanoparticles are very 
small in size (1.3 + 0.1 nm) and also reasonably monodisperse.  These nanoparticles are 
smaller in size than the PVP-Pd nanoparticles22 (2.1 + 0.1 nm) studied previously.  Figure 
8.1c and 8.1d show typical TEM image and Gaussian fits of the dendrimer capped Pd 
nanoparticles after the first cycle of the Suzuki reaction.  Table 8.2 summarizes the 
percentage increase/decrease in the centers and widths of distributions after the first and 
second cycle.  Both the centers and widths of the size distributions increase by 54% and 
186% respectively, after the first cycle of the reaction.  This increase in size of the 
nanoparticles could be attributed to Ostwald ripening of the nanoparticles.  Figure 8.1e 
and 8.1f show representative TEM image and Gaussian fits of the nanoparticles after the 
second cycle of the Suzuki reaction.  During the second cycle, the dendrimer-Pd 
nanoparticles continue to increase in size with a 35% increase in the center and a 14% 
increase in the width of the distribution compared to the first cycle.  This suggests that 
when the dendrimer-Pd nanoparticles are used, the growth process continues during the 
second cycle of the Suzuki reaction.  The mechanism of the growth of the palladium 




Figure 8.1—TEM images and Gaussian fits of size distributions of PAMAM-OH 
dendrimer-capped Pd nanoparticles before the Suzuki reaction (a, b), after the first cycle 
(c, d), and after the second cycle (e, f). 
 
8.4.2  Mechanism of Growth of the Palladium Nanoparticles 
 There are several possibilities that could result in the large growth of the 
dendrimer-Pd nanoparticles such as high metal or metal ion concentration in solution 
resulting from the synthetic procedure, a large nanoparticle distribution in the beginning, 
and better capping making the rate of conversion to full nanoparticles slow, thus leading 
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to an increase in the metal or metal ion concentration in the final solution.  The large 
initial particle distribution could result in growth by Ostwald ripening processes.  The 
Ostwald ripening process is a mechanism for cluster growth in which there is detachment 
of atoms from the smaller clusters and attachment to the lower energy surfaces of the 
larger clusters.  The smaller clusters shrink or disappear completely while the larger 
clusters grow in size and will eventually lead to larger nanoparticles with smaller width 
of distribution (more monodisperse). 
It is worth noting that the PVP-Pd nanoparticles we studied previously22 were 
synthesized using the ethanol reduction method while the PAMAM-OH Generation 4 
dendrimer capped Pd nanoparticles were synthesized using the sodium borohydride 
reduction method.  The two types of nanoparticles were synthesized using two different 
reduction methods.  Different methods of preparing nanoparticles vary in their degree of 
conversion of the metal ion into capped nanoparticles.  PAMAM-OH Generation 4 
dendrimer-Pd nanoparticles are known to be very strong encapsulators of metal clusters40.  
Since the synthesis of the dendrimer-Pd nanoparticles occurs at room temperature, it is 
quite possible that the rate of conversion to full nanoparticle is slow, thus leading to an 
increase in the metal or metal ion concentration in the final solution.  This could also 
explain why the dendrimer-Pd nanoparticles are very small to begin with.  During the 
Suzuki reaction, it is possible that the nanoparticles continue to grow in size since the rate 
of conversion to full nanoparticle is greater due to the high temperature and long reflux 
time period involved.  This can also explain the continued growth of the nanoparticle size 
during the second cycle.  The growth of the nanoparticles is expected to continue until the 
source of free metal is depleted.   Since the widths of the size distributions of the 
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dendrimer-Pd nanoparticles are broad both during the first and second cycle as shown in 
Figure 8.1c-f, Table 8.1, and Table 8.2, the growth of the nanoparticles is not dominantly 
due to Ostwald ripening process, but is largely due to the excess atoms or ions in solution 
during the catalytic reaction. 
In order to test our hypothesis that the growth of the nanoparticles is due to the 
presence of unreduced ions, partly reduced ions, and metal atoms in solution after the 
synthesis of the nanoparticles, we conducted the reaction with dendrimer-Pd 
nanoparticles synthesized by reduction for 30 minutes and 3 hours at room temperature.  
We also conducted the reaction with dendrimer-Pd nanoparticles synthesized by 
reduction for 1 hour at 100 degrees Celsius.  The standard procedure reported in the 
literature41-43 for synthesizing dendrimer-Pd nanoparticles involves reduction for 1 hour 
at room temperature, which is what we based all of our experiments on.  The goal now is 
to see if the growth process is affected by the amount of reduction time or the reduction 
temperature at which the nanoparticles are initially synthesized.  Table 8.3 summarizes 
the average size and widths of distributions of the dendrimer-Pd nanoparticles before the 
reaction, after the first cycle, and after the second cycle for the following synthetic 
conditions (reduction for 30 minutes at room temperature, reduction for 1 hour at room 
temperature (standard procedure), reduction for 3 hours at room temperature, and 
reduction for 1 hour at 100 degrees Celsius).  Figure 8.2 a-h shows typical TEM images 
and Gaussian fits of the size distributions of the dendrimers-Pd nanoparticles after the 
second cycle for the four different synthetic conditions.  The entry for 1 hour at room 
temperature in Table 8.3 is repeated from Table 8.1 and the TEM image and Gaussian fits 
in Figure 8.2c-d is repeated from Figure 8.1e-f for comparison purposes.  It can be seen 
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that the general trend observed is that the growth of the dendrimer-Pd nanoparticles is the 
greatest using the nanoparticles reduced for only 30 minutes and the growth is the lowest 
when the nanoparticles are reduced for 1 hour at 100 degrees Celsius.  This suggests that 
reduction at room temperature for a longer time period and reduction at 100 degrees 
Celsius results in a more complete reduction of the precursor palladium salt.  As a result, 
there are less free metal atoms and ions present in solution to contribute to the growth 
during the reaction.  This trend supports our hypothesis that the growth process is 
dependant on the amount of free atoms or ions present after the synthetic process.   
Table 8.3—Comparison of center and width of size distributions of dendrimer-Pd 
nanoparticles synthesized with various reduction times and temperatures before the 















Reduced 30 minutes 
at room temperature 
 
CD = 1.4 + 0.1 
WD = 0.7 + 0.1 
 
CD = 2.1 + 0.1 
WD = 2.4 + 0.2 
 
CD = 2.9 + 0.1 
WD = 2.8 + 0.4 
 
Reduced 1 hour at 
room temperature 
 
CD = 1.3 + 0.1 
WD = 0.7 + 0.1 
 
CD = 2.0 + 0.1 
WD = 2.2 + 0.2 
 
CD = 2.7 + 0.1 
WD = 2.5 + 0.1 
 
Reduced 3 hours at 
room temperature 
 
CD = 1.4 + 0.1 
WD = 0.7 + 0.1 
 
CD = 2.0 + 0.2 
WD = 1.9 + 0.1 
 
CD = 2.5 + 0.1 
WD = 2.2 + 0.2 
 
Reduced 1 hour at 
100 degrees C 
 
CD = 1.5 + 0.1 
WD = 0.7 + 0.1 
 
CD = 1.8 + 0.1 
WD = 1.7 + 0.2 
 
CD = 2.1 + 0.1 





Figure 8.2—Typical TEM images and Gaussian fits of the size distributions after the 
second cycle of the Suzuki reaction for dendrimer-Pd nanoparticles synthesized in the 
following manners: reduction for 30 min at room temperature (a, b), reduction for 1 h at 
room temperature (c, d), reduction for 3 h at room temperature (e, f), and reduction for 1 
h at 100 °C (g, h). 
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8.4.3  Effect of Capping Agent on Catalytic Mechanism of Suzuki Reaction 
For the PVP-Pd nanoparticles catalyzing the Suzuki reaction studied previously22, 
it was determined that the Ostwald ripening process occurred when refluxing in the 
presence of iodobenzene, while refluxing in the presence of phenylboronic acid results in 
the inhibition of the nanoparticle size growth.  It was proposed that phenylboronic acid 
binds to the nanoparticle surface and acts as a capping agent, which protects the particles 
from increasing in size.  The catalytic mechanism was proposed to involve the 
phenylboronic acid binding to the nanoparticle surface while reaction with iodobenzene 
occurs via collisional processes. 
 The stability of the PAMAM-OH Generation 4 dendrimer capped palladium 
nanoparticles in the presence of various chemicals involved in the Suzuki reaction 
(solvent, sodium acetate, phenylboronic acid, and iodobenzene) was investigated to find 
out if the surface catalytic mechanism is affected by the capping agent that is used on the 
palladium nanoparticles.  TEM images and Gaussian fits of the size distributions of the 
nanoparticles were obtained before each perturbation and the results are summarized in 
Table 8.1.  In order to concisely summarize the results, the TEM images and Gaussian 
fits of the size distributions of the dendrimer-Pd nanoparticles after the different 




Figure 8.3—TEM images and Gaussian fits of the size distributions of PAMAM-OH 
generation 4 dendrimer-Pd nanoparticles after refluxing in solvent (a, b), after refluxing 
in solvent + SA (c, d), after refluxing in solvent + SA + PA (e, f), and after refluxing in 
solvent + SA + I (g, h). 
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Figure 8.3a and 8.3b show a representative TEM image and Gaussian fits for the 
nanoparticles after refluxing in solvent alone and Figure 8.3c and 8.3d show a typical 
TEM image and Gaussian fits of the nanoparticles after refluxing in solvent + sodium 
acetate.  In both cases, the growth of the nanoparticles is evident since the widths and 
centers of the size distributions of the nanoparticles increases.  Figure 8.3e and 8.3f show 
a representative TEM image and Gaussian fits of the nanoparticles after refluxing in 
solvent + sodium acetate + phenylboronic acid.  It can be seen that the growth of the 
nanoparticles is inhibited since the nanoparticle size does not increase much.  This was 
also observed with the PVP-Pd nanoparticles previously22.  The phenylboronic acid in its 
deprotonated form acts as a capping agent and binds to many of the free Pd sites on the 
nanoparticles and inhibits the growth process.  Figure 8.3g and 8.3h show representative 
TEM image and Gaussian fits of the nanoparticles after refluxing in solvent + sodium 
acetate + iodobenzene.  Growth of the nanoparticles occurs in this case since iodobenzene 
probably does not bind to the nanoparticle surface. 
 Based on the results, it can be seen that the surface catalytic mechanism of 
phenylboronic acid binding to the nanoparticle surface and reacting with iodobenzene in 
solution also occurs when the PAMAM-OH Generation 4 dendrimer capped Pd 
nanoparticles are used to catalyze the Suzuki reaction.  Since the catalytic mechanism 
observed is the same for both the PVP-Pd nanoparticles studied previously22 and for the 
dendrimer-Pd nanoparticles studied presently, it can be concluded that the mechanism of 




8.4.4  Effect of Nanoparticle Size during Second Cycle on Biphenyl Yield 
 For the PVP-Pd nanoparticles studied previously22, the yield of biphenyl after the 
first and second cycle was determined using HPLC and it was observed that the catalytic 
activity of the nanoparticles is greatly diminished during the second cycle of the Suzuki 
reaction.  The results obtained previously are reported in Table 8.4 as concentration of 
biphenyl and % yield of biphenyl.  The % yield is obtained based on the amount of 
biphenyl actually formed compared to the theoretical amount of biphenyl that can be 
formed.  The theoretical yield of biphenyl is 1 mmol since iodobenzene is the limiting 
reagent and there is only 1 mmol iodobenzene present at the beginning of the reaction.  
The ratio of (biphenyl yield2nd)/(biphenyl yield1st) when the PVP-Pd nanoparticles are 
used is 0.38 + 0.08 as shown in Table 8.5.  The diminished catalytic activity observed 
was attributed to two effects.  The aggregation and precipitation of the larger 
nanoparticles out of solution could result in the smaller nanoparticles remaining in 
solution, and the biphenyl product itself could poison some of the active sites of the PVP-
Pd nanoparticles.  It is also worth mentioning that precipitation of the nanoparticles was 
observed in the bottom of the solution after catalysis. 
Table 8.4—Comparison of concentration and reaction yield of biphenyl in the Suzuki 





Concentration and % 
Biphenyl Yield using 
PVP-Pd Nanoparticles22 
Concentration and % 
Biphenyl Yield Using 




3.00 + 0.32 mM 
 39 + 4% yield 
2.61 + 0.21 mM 
34 + 3% yield 
Second Cycle 
 
1.11 + 0.20 mM 
15 + 3% yield 
 
1.31 + 0.25 mM 
17 + 3% yield 
 
After First Cycle with 
Excess Stabilizer 
2.28 + 0.18 mM 
30 + 2% yield 
0.42 + 0.05 mM 
6 + 1% yield 
 182 
The catalytic activity of the PAMAM-OH Generation 4 dendrimer capped Pd 
nanoparticles was also studied using HPLC and compared to that of the PVP-Pd 
nanoparticles.  The HPLC results on the concentration and % biphenyl yield obtained 
using the PAMAM-OH Generation 4 dendrimer capped Pd nanoparticles as the catalyst is 
summarized in Table 8.4.  When the dendrimer-Pd nanoparticles are used as the catalyst, 
the catalytic activity is also diminished during the second cycle of the Suzuki reaction but 
not as much as observed with the PVP-Pd nanoparticles.  As shown in Table 8.5, the ratio 
of (biphenyl yield2nd)/(biphenyl yield1st) when the PAMAM-OH Generation 4 dendrimer 
capped Pd nanoparticles are used to catalyze the Suzuki reaction is 0.50 + 0.09.  A 
possible reason why the ratio of biphenyl yields is higher when the dendrimer-Pd 
nanoparticles are used is that the nanoparticles continue to grow during the second cycle 
resulting in more active sites.  Since the nanoparticles continue to increase in size, 
precipitation of the nanoparticles might not be taking place.  This is also supported by the 
absence of the black metallic powder at the bottom of the reaction mixture after catalysis.  
This is expected to be the case as the dendrimer is a strong and stable capping agent.  As 
a result, the diminished yield observed is probably due to poisoning of the active sites by 
the biphenyl product.  The larger size of the dendrimer-Pd nanoparticles during the 
second cycle could also contribute to the higher ratio of biphenyl yield with the 
dendrimer-Pd than with the PVP-Pd nanoparticles.  The larger sized dendrimer-Pd 
nanoparticles have more active sites available for catalysis because these sites are less 





Table 8.5—Ratios of biphenyl yields obtained using PVP-Pd nanoparticles and 
PAMAM-OH Generation 4 Dendrimer-Pd nanoparticles 
 
Nanoparticle Type Biphenyl Yield Ratio (2nd cycle/1st cycle) 
PVP-Pd Nanoparticles22 
 
0.38 + 0.08 
PAMAM-OH Generation 4 
Dendrimer-Pd Nanoparticles 
 
0.50 + 0.09 
 
8.4.5  Effect of Excess Capping Agent 
 For the PVP-Pd nanoparticles studied previously22, the effect of the addition of 
excess PVP to the reaction mixture was found to diminish the growth processes as well as 
diminish the catalytic activity of the nanoparticles.  The effect of adding excess 
dendrimer to the Suzuki reaction mixture was investigated with the PAMAM-OH 
Generation 4 dendrimer-Pd nanoparticles and the HPLC results are summarized in Table 
8.4.  It can be seen that the addition of excess dendrimer severely diminishes the catalytic 
activity of the dendrimer-Pd nanoparticles.  This is probably due to the strong 
encapsulating action of the Generation 4 dendrimer on the nanoparticles.  In addition, the 
dendrimer-Pd nanoparticles are smaller than the PVP-Pd nanoparticles studied previously 
and as a result, will have a smaller concentration of active sites on the surface that are 
available.  The addition of excess dendrimer will thus, result in much lower number of 
active sites available for the catalysis to occur. 
 Figure 8.4 shows typical TEM images and Gaussian fits of the size distributions 
of the dendrimer-Pd nanoparticles before any perturbations (a,b), after refluxing in 
presence of solvent and excess dendrimer (c,d), and after Suzuki reaction in the presence 
of excess dendrimer (e,f).  It can be seen that the presence of excess dendrimer 
diminishes the growth of the nanoparticles when refluxed in solvent alone and when 
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Figure 8.4—TEM images and Gaussian fits of the size distributions of PAMAM-OH 
generation 4 dendrimer-Pd nanoparticles before any perturbations (a, b), after refluxing in 
solvent + excess dendrimer (c, d), and after Suzuki reaction in the presence of excess 
dendrimer (e, f). 
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8.5  Conclusions 
The nanoparticle growth process observed in the reaction by refluxing in the 
solvent is governed by the amount of free metal present in solution after the preparation 
of the nanoparticles.  Different methods of preparing nanoparticles result in varying 
amounts of free metal in solution.  Since PAMAM-OH Generation 4 dendrimer is a 
strong encapsulator, the rate of conversion to full nanoparticle is slow resulting in the 
large concentration of metal in solution.  It is shown that the catalytic mechanism of the 
Suzuki reaction in which phenylboronic acid binds to the nanoparticle surface and reacts 
with iodobenzene in solution is insensitive to the capping agent used.  This is because the 
growth of the nanoparticles in the presence of iodobenzene and the inhibition of the 
growth in the presence of phenylboronic acid occurs for both the dendrimer-Pd 
nanoparticles and the PVP-Pd nanoparticles studied previously22.  The biphenyl ratio 
(second cycle/first cycle) is higher for the dendrimer-Pd nanoparticles than the PVP-Pd 
nanoparticles.  This could be due to the dendrimer-Pd nanoparticles being larger during 
the second cycle and thus having more active sites and also due to the nanoparticles not 
precipitating out of solution yet.  However, the biphenyl product itself probably still does 
poison some of the active sites on the nanoparticle surface.  It is also found that the 
presence of excess dendrimer severely diminishes the catalytic activity of the 
nanoparticles and this is probably due to the strong encapsulating action of the 
Generation 4 dendrimer to the nanoparticles resulting a much lower number of sites 
available for catalysis.  The presence of excess dendrimer is also found to diminish the 
growth process. 
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EFFECT OF COLLOIDAL NANOCATALYSIS ON THE METALLIC 
NANOPARTICLE SHAPE:  THE SUZUKI REACTION 
 
9.1  Abstract 
Dominantly tetrahedral shaped PVP-Pt nanoparticles are shown to catalyze the 
Suzuki reaction between phenylboronic acid and iodobenzene, but are not as active as the 
spherical palladium nanoparticles studied previously.  The dominantly tetrahedral PVP-Pt 
nanoparticles (55 + 4% regular tetrahedral, 22 + 2% distorted tetrahedral, and 23 + 2% 
spherical nanoparticles) are synthesized by using the hydrogen reduction method.  The 
TEM results show that a transformation of shape from tetrahedral to spherical Pt 
nanoparticles takes place three hours into the first cycle of the reaction.  After the first 
cycle, the spherical nanoparticles have a similar size distribution to that of the tetrahedral 
nanoparticles before the reaction and the observed shape distribution is 18 + 6% regular 
tetrahedral, 28 + 5% distorted tetrahedral, and 54 + 5% spherical nanoparticles.  After the 
second cycle of the Suzuki reaction, the shape distribution is 13 + 5% regular tetrahedral, 
24 + 5% distorted tetrahedral, and 63 + 7% spherical nanoparticles.    After the second 
cycle, the transformed spherical nanoparticles continue to grow and this could be due to 
the strong capping action of the higher molecular weight PVP (mw = 360,000), which 
makes the nanoparticles more resistant to aggregation and precipitation unlike the Pd 
particles capped with the lower molecular weight PVP (mw = 40,000) used previously.  
The transformation in shape also occurs when the nanoparticles are refluxed in the 
presence of the solvent, sodium acetate, and iodobenzene and results in spherical 
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nanoparticles with similar size distribution to that of the tetrahedral nanoparticles before 
any perturbations.  However, in the presence of phenylboronic acid, the regular 
tetrahedral nanoparticles remain dominant (51 + 6%) and maintain their size.  These 
results support our previous studies in which we proposed that phenylboronic acid binds 
to the nanoparticle surface and thus acts as a capping stabilizer material for the particle 
and reacts with the iodobenzene.  Recycling the nanoparticles results in a drastic 
reduction of the catalytic activity, and this must be due to the transformation of shape 
from the dominantly tetrahedral to the larger dominantly spherical nanoparticles.  This 
also supports results in the literature that show that spherical platinum nanoparticles do 
not catalyze this reaction. 
 
9.2  Introduction 
The nanocatalysis field has undergone an explosive growth during the past decade 
with many review articles in heterogeneous catalysis with supported nanoparticles1-13 and 
in homogeneous catalysis with nanoparticles in colloidal solution14-21.  The large surface-
to-volume ratio of metallic nanoparticles makes them very attractive to use as catalysts 
for chemical reactions compared to other bulk catalytic materials.  This attractive 
property of metallic nanoparticles results in the surface atoms being very active.  This 
raises a very important question on whether the surface atoms are so active that they 
result in changes in the size or shape of the nanoparticles during their catalytic function.  
In the bulk of catalysis with colloids, TEM characterization of the nanoparticles before 
and after catalysis is not usually given.  However, there have been a few studies22-28 
where the size distribution of the nanoparticles after recycling along with the catalytic 
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activity is reported for characterization and also some studies29-32 that discuss the 
catalytic activity of the nanoparticles upon recycling, but which do not examine the 
stability of the nanoparticles after catalysis.  In a review of transition metal colloids as 
reusable catalysts,33 it was pointed out that the major interest of reusability of the 
nanoparticle catalysts has not been systematically studied or published in the metal 
colloid literature. 
There have been very few detailed studies in the literature that examine the 
stability and catalytic activity of metal nanoparticles in colloidal solution which are used 
to catalyze organic and inorganic reactions.  This kind of examination is necessary to 
evaluate nanoparticles’ usefulness in catalysis and to quantitatively understand the 
mechanism of “nanocatalysis”.  We have conducted a few detailed studies on the stability 
of the nanoparticles after catalysis, recycling, and in the presence of individual reactants 
using spherical PVP-Pd27 and spherical dendrimer-Pd34 nanoparticles to catalyze the 
Suzuki reaction.  We have also used spherical28 PVP-Pt nanoparticles to catalyze the 
electron transfer reaction.  In these studies, we have examined the effect of individual 
reactants on the size distribution of the nanoparticles which have provided possible 
insights in the surface catalytic mechanisms of the reactions.  We have also conducted a 
study on the effect of the tetrahedral and cubic shape on the stability of Pt nanoparticles 
used to catalyze the electron transfer reaction, which is a gentle reaction conducted at 
room temperature35.  For this reaction, it was observed that distortions in the corners and 
edges of the tetrahedral and cubic nanoparticles occur during the course of the reaction.  
We have also shown that as the tetrahedral and cubic shape changes during the course of 
the reaction, the activation energy of the reaction also changes.  During the early stages 
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of the electron transfer reaction (first 40 minutes), it was observed that there are no 
changes in the shape of the tetrahedral and cubic nanoparticles.  Also, it was observed 
that the activation energy is correlated to the fraction of surface atoms located on the 
corners and edges of the nanoparticles and that the tetrahedral nanoparticles are the most 
catalytically active while the cubic nanoparticles are the least catalytically active36.  
However, during the course of the entire reaction, it was observed that there are 
distortions in the corners and edges of the nanoparticles and also there was a 
corresponding change in the activation energy37. 
Suzuki cross-coupling reactions have been traditionally catalyzed using many 
different kinds of phosphine-based palladium catalysts and phosphine-free palladium 
catalysts such as Pd(PPh3)4, Pd(Oac)2, [(n3-C3H5)PdCl]2, and Pd2(dba)3 C6H638-42.  
Recently, there have been many reports on the use of palladium nanoparticles6, 43-49 as 
catalysts for Suzuki reactions.  A number of other metallic nanoparticles such as copper 
nanoparticles50, ruthenium nanoparticles50, and also various bimetallic, trimetallic, and 
multi-metallic nanoparticles50 have also been reported to catalyze Suzuki reactions.  Very 
recently, it has been reported that platinum complexes such as [PtCl2-(NCPh)2] and 
K2[PtCl4] can also be used as catalysts for the Suzuki reaction51.  There have been no 
reports on the successful use of platinum nanoparticles to catalyze the Suzuki reaction.  
There has been one study50 on the use of spherical platinum nanoparticles stabilized with 
TOAF in which it was found that the Pt nanoparticles do not catalyze the reaction.  The 
aim of our study is to find out if tetrahedral PVP-Pt nanoparticles can catalyze the Suzuki 
cross-coupling reaction between phenylboronic acid and iodobenzene since we have 
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already shown36 that tetrahedral nanoparticles are more active in catalyzing the electron 
transfer reaction between hexacyanoferrate (III) ions and thiosulfate ions.  
Tetrahedral shaped nanoparticles have [111] facets which are known to be the 
most catalytically active52-54.  Furthermore, these particles have sharp edges and corners, 
the atoms on which are expected to be chemically and dynamically active.  As a result, 
they change their position, causing shape changes that could occur during the chemical 
reaction as recently suggested by our results on the electron transfer reaction35, 37.  The 
PVP-Pt nanoparticles used in this study are dominantly tetrahedral in shape and as a 
result, it can be determined what the effect that the shape has on the catalytic activity of 
the nanoparticles.  Thus, another important aim of the present study is to study the effect 
of the Suzuki reaction on the shape stability of the PVP capped tetrahedral platinum 
nanoparticles.  In addition, it is also important to understand what happens to the size of 
nanoparticles when they change shape during the reaction.  As a result, we have 
monitored the size distribution of the dominant shape as well as the shape distribution for 
the different conditions. 
 
9.3  Experimental 
 
9.3.1  Synthesis of Tetrahedral PVP-Pt Nanoparticles 
 The PVP stabilized Pt nanoparticles were prepared using the H2 reduction method 
described previously55 with some modifications35-37.  The precursor platinum salt used is 
K2PtCl6 and the stabilizer is PVP (mw = 360,000).  A 500 mL 3-neck flask equipped with 
a gas trap is used for the synthesis.  Two hundred fifty mL of doubly deionized water, 5 
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mL of 0.01 M K2PtCl6, and 0.25 g of PVP is added to the flask.  After the solution is 
thoroughly mixed, argon is bubbled for 20 minutes and then hydrogen gas is bubbled for 
5 minutes.  Then the flask is sealed, wrapped in aluminum foil, and stored in the dark for 
24 hours.  The resulting colloidal solution is light brown.  A drop of the colloidal solution 
is placed onto a Formvar stabilized carbon grid and allowed to evaporate in air.  JEOL 
100C TEM is used to characterize the nanoparticle size and shape. 
 
9.3.2  Catalyzing Suzuki Reaction 
 Figure 9.1 shows a schematic of the Suzuki reaction between phenylboronic acid 
and iodobenzene catalyzed with platinum nanoparticles in the presence of sodium acetate 
base.   
 
Figure 9.1—Schematic of the Suzuki reaction between phenylboronic acid and 
iodobenzene to yield biphenyl 
 
Tetrahedral PVP-Pt nanoparticles are used to catalyze the Suzuki reaction.  In this 
reaction, 0.49 g sodium acetate, 0.37 g phenylboronic acid, and 0.20 g iodobenzene is 
added to 150 mL of the 3:1 acetonitrile:water solvent.  The reaction mixture is heated to 
100o C.  Once the mixture refluxes, 15 mL of the tetrahedral PVP-Pt nanoparticles are 
added to the reaction mixture.  The reaction mixture is refluxed for a total of 12 hours.  
The same reaction mixture solution was used for recycling after the addition of fresh 
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amounts of the reactants.  For recycling, an assumption was made that all of the 
iodobenzene was used up since it is the limiting reactant.  Initially there is 1 mmol 
iodobenzene and 3 mmol phenylboronic acid present in the reaction mixture.  After the 
first cycle, it is assumed that there is no iodobenzene left and 2 mmol phenylboronic acid 
left.  As a result, for the second cycle, 1 mmol iodobenzene and 1 mmol phenylboronic 
acid are added.  The reaction mixture is then refluxed for another 12 hours to complete 
the second cycle. 
 
9.3.3 TEM Studies on Shape and Size Stability of Tetrahedral PVP-Pt Nanoparticles 
 
The concentration of the stock solution of PVP-Pt nanoparticles is 1 x 10-4 M.  
When 15 mL of the nanoparticles are added, the total volume for all of the experiments is 
165 mL.  As a result, the initial concentration of Pt ions for all of the experiments is 9.09 
x 10-6 M.  For the experiments, the samples are spotted by placing a drop of the solution 
onto a Formvar stabilized copper grid and allowing the drop to evaporate in air.  The 
spotted samples take approximately 30 minutes to dry.  Since the same deposition 
conditions are employed for all samples, the evaporation rate of the solvent is fairly 
reproducible from one sample to another.  For each of the experiments, the internal 
reproducibility of the observed shape is verified by spotting the sample onto 3 separate 
TEM grids.  TEM images are also obtained from different sections of the TEM grids to 
verify the reproducibility of the shape.  The general reproducibility of the shape is 
verified by conducting each of the experiments 3 times.  The nanoparticle shape 
distribution is determined by counting approximately 1800 nanoparticles from 9 enlarged 
TEM images (approximately 200 nanoparticles from each TEM image).  The shapes are 
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categorized as regular tetrahedral, distorted tetrahedral, and spherical nanoparticles.  Size 
distributions of the dominant shape (either tetrahedral or spherical) after each condition 
are also conducted.  The size distributions of distorted tetrahedral nanoparticles are not 
conducted since the size of these types of nanoparticles depends on the type of distortion. 
 
9.3.4  HPLC Studies on Catalytic Activity of Nanoparticles 
HPLC measurements are conducted on a Hitachi-4500 HPLC equipped with a 
L4500A diode array detector in which the absorbance is monitored at 254 nm.  The 
separation is carried out on a reversed-phase packed column (Rainin Microsorb-MV C18, 
300 Angstroms, dim 4.6 x 250 mm) using a 60:40 acetonitrile-water mixture and a flow 
rate of 1 mL/min.  The area of the chromatographic peaks is calculated with a D-6000 
interface-integrator.  A calibration curve for determining the concentration of biphenyl is 
constructed by plotting the peak area vs. concentration of biphenyl standards.  The 
standards prepared are 0.0005 M, 0.001 M, 0.0015 M, 0.002 M, 0.0025 M, and 0.003 M 
biphenyl.  For HPLC measurements, all samples are diluted to ¼ of the original 
concentration so that the peak areas will be within the range of the calibration curve.  The 
actual concentration is determined by taking the concentration of the diluted sample and 
multiplying by 4.  The concentration of biphenyl is determined before the first cycle, after 
the first cycle, before the second cycle, and after the second cycle. 
 
9.4  Results and Discussion 
 Spherical palladium nanoparticles have been shown to catalyze the Suzuki 
reaction previously6, 41-47.  The spherical shaped nanoparticles are really “near spherical” 
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since the nanoparticles are really composed of numerous (100) and (111) facets and 
appear to be spherical in TEM images.  As a result, we will refer to them as “near 
spherical” nanoparticles.  One goal of the present study is to determine the relative 
catalytic activity of tetrahedral shaped PVP-Pt nanoparticles for the Suzuki cross-
coupling reaction relative to the spherical PVP-Pd nanoparticles.   We also determine the 
effect of various perturbations on the tetrahedral shape in colloidal solution.  HPLC is 
used to compare the catalytic activity of the tetrahedral PVP-Pt nanoparticles with the 
“near spherical” PVP-Pd nanoparticles studied previously27.  TEM and HRTEM are used 
to examine the shape stability by examining the shape distribution of the nanoparticles 
during the reaction and under different conditions.  The size distribution of the dominant 
shape present after each condition is also determined. 
 
9.4.1  Catalytic Activity of Tetrahedral PVP-Pt Nanoparticles for Suzuki Reaction 
HPLC studies are conducted in order to compare the catalytic activity of the 
tetrahedral PVP-Pt nanoparticles with the “near spherical” PVP-Pd nanoparticles studied 
previously27.  Table 9.1 shows the percent yield of biphenyl for the two types of 
nanoparticles (tetrahedral PVP-Platinum nanoparticles and “near spherical” PVP-
Palladium nanoparticles studied previously27) during the first and second cycle.  The % 
yield of biphenyl is calculated by dividing the number of moles of biphenyl actually 
formed by the number of moles of biphenyl that can be theoretically formed and 
multiplying by 100.  It can be seen that the % yield of biphenyl formed is lower (almost 
one third as active) for the tetrahedral PVP-Pt nanoparticles (5.0 nm) than for the “near 
spherical” PVP-Pd nanoparticles (2.1 nm).  It is worth noting that the PVP-Pd 
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nanoparticles are really “near spherical”, in which they are composed of numerous (100) 
and (111) facets and appear to be spherical in TEM images.  As a result for the 
calculation of the fraction of atoms on the corners and edges of the “near spherical” 
nanoparticles, we used the cubo-octohedron model56.  The tetrahedral Pt nanoparticles 
have 164 surface atoms and 52 corner + edge atoms (calculated using tetrahedron 
model56) while the “near spherical" Pd nanoparticles have 122 surface atoms and 60 
corner + edge atoms (calculated using cubo-octahedral model56).  As a result, the fraction 
of surface atoms in the tetrahedral Pt nanoparticles is 0.32, while the fraction of surface 
atoms in the “near spherical” Pd nanoparticle is 0.49.  A possible reason for the reduction 
in activity that is observed with the tetrahedral nanoparticles could be due to the lower 
fraction of atoms on corners and edges for the tetrahedral nanoparticles compared to the 
“near spherical” nanoparticles due to the differences in their sizes.  The reduction in 
activity can also be partly due to the differences in the reactivity of the two different 
metals used to catalyze the reaction.  In addition, the tetrahedral Pt nanoparticles are 
capped by the larger PVP which covers its surface better.  Poisoning of the platinum 
nanoparticles could also account for some of the loss of catalytic activity that is observed. 
Table 9.1—Summary of the concentration and % yield of biphenyl obtained using the 






Concentration (mM) and 
% Yield of Biphenyl Using 
PVP-Pt Nanoparticles 
 
Concentration (mM) and 
% Yield of Biphenyl Using 
PVP-Pd Nanoparticles 
First Cycle of Suzuki 
Reaction 
 
1.07 + 0.05 mM 
14 + 5% 
3.00 + 0.32 mM 
 39 + 4% 
 
Second Cycle of 
Suzuki Reaction 
 
0.36 + 0.03 mM 
5 + 2% 
1.11 + 0.20 mM 
15 + 3% 
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We also conducted a study comparing the yield of biphenyl obtained by first 
refluxing the nanoparticles in solvent alone and then conducting the Suzuki reaction to 
that obtained during the second cycle of a “normal” Suzuki reaction.  During the second 
cycle of a “normal” Suzuki reaction, the biphenyl yield is 0.36 + 0.03 mM (5 + 2% 
yield).  In the case of conducting the Suzuki reaction after refluxing the tetrahedral 
nanoparticles in solvent for 12 hours, the biphenyl yield is 0.43 + 0.02 mM (6 + 1% 
yield).  It can be seen that in both cases, the biphenyl yield is very low.  Also, in both 
cases, the tetrahedral nanoparticles have transformed into dominantly “near spherical” 
ones before the reaction proceeds.  It is also worth noting that the fraction of atoms 
located on the corners and edges of the transformed “near spherical” platinum 
nanoparticles is 0.11.  This is dramatically lower than that of the initial tetrahedral 
platinum nanoparticles, which has a fraction of 0.32.  These observations provide 
additional evidence that the transformation of the tetrahedral nanoparticles into “near 
spherical” ones contributes to the great reduction in catalytic activity that is observed.   
Li and El-Sayed have shown that the more stable the nanoparticles are due to its 
better capping, the lower the catalytic activity46.  The tetrahedral PVP-Pt nanoparticles do 
yield biphenyl unlike the unsuccessful use of spherical TOAF stabilized Pt nanoparticles 
to catalyze the Suzuki reaction that was reported in the literature previously48.  This 
points out to the fact that tetrahedral shape is a more catalytically active shape.  It can be 
seen that in terms of actual percent yield, both the “near spherical” PVP-Pd and the 
tetrahedral PVP-Pt nanoparticles have poor recycling potential.  However, the PVP-Pt 
nanoparticles have a much lower recycling potential than the PVP-Pd nanoparticles.  As 
will be discussed in the next section, the tetrahedral PVP-Pt nanoparticles transform into 
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a more stable and larger “near spherical” shape after the first cycle of the Suzuki reaction.  
We propose that the transformation from tetrahedral to the larger “near spherical” shaped 
PVP-Pt nanoparticles could account for the drastic loss of catalytic activity observed 
during the second cycle of the Suzuki reaction.   This is supported by the previously 
reported study in the literature48 which showed that “near spherical” platinum 
nanoparticles do not catalyze the Suzuki reaction. 
 “Near spherical” platinum nanoparticles are composed of numerous (100) and 
(111) facets while tetrahedral platinum nanoparticles are composed entirely of (111) 
facets.  The Pt-Pt distances for both the Pt (111) and the Pt (100) surface are both 0.2772 
nm57.  However, the number of Pt neighbors for the Pt (111) surface is 6, while the 
number of Pt neighbors for the Pt (100) surface is 4.  As a result, the electron densities of 
the two surfaces are different.  This could account for why there are differences in the 
reactivity for the “near spherical” and tetrahedral platinum nanoparticles for catalyzing 
the Suzuki reaction. 
 
9.4.2  Effect of Catalysis and Recycling on Stability of Tetrahedral Shape 
 The PVP-Pt nanoparticles used are dominantly tetrahedral in shape.  We have 
examined the effect of the Suzuki reaction on the tetrahedral shape with its (111) facets 
and sharp edges and corners known to be the most catalytically active and which could 
also be the most sensitive to changes in the shape of the nanoparticles.  Table 9.2 
summarizes the shape distribution results and the size distribution results (for the 
dominant shape) for the different conditions.  Figure 9.2a-c shows a typical TEM image, 
shape distribution of the PVP-Pt nanoparticles before any perturbations, and the size 
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distribution of the dominant tetrahedral shape.  The shape distribution is reported as a 
percentage of regular tetrahedral, distorted tetrahedral, and “near spherical” 
nanoparticles.  As can be seen, the regular tetrahedral nanoparticles (55 + 4%) are 
dominant with some distorted tetrahedral (22 + 2%) and “near spherical” nanoparticles 
(23 + 2%) also present.  The tetrahedral nanoparticles have an average size of 5.0 + 0.1 
nm and are monodisperse.  Figure 9.2d-f show a typical TEM image, shape distribution 
of the nanoparticles after the first cycle of the Suzuki reaction, and the size distribution of 
the dominant “near spherical” shape.  It can be seen that there is a transformation in the 
shape of the nanoparticles from tetrahedral to “near spherical” in which there are 54 + 5% 
“near spherical” nanoparticles present.  The “near spherical” nanoparticles become the 
dominant shape after the first cycle of the Suzuki reaction and have an average size of 5.2 
+ 0.1 nm.  This suggests that the tetrahedral shaped Pt nanoparticles with their (111) 
facets and sharp edges and corners are sensitive to its chemical environment.  The 
process of dissolving (or reacting) the unstable atoms on the edges and corners tends to 
transform the nanoparticles to the more stable “near spherical” shape.  Also, it can be 
seen that the tetrahedral nanoparticles transform into “near spherical” nanoparticles of 








Table 9.2—Summary of number (#) of PVP-Pt nanoparticles counted, number and 
percentage of regular tetrahedral, distorted tetrahedral, and “near spherical” nanoparticles 
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23 + 2 
 
CD = 5.0 + 0.1 
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59 + 6 
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51 + 6 
 
522 + 73 
29 + 4 
 
359 + 52 
20 + 3 
 
CD = 5.1 + 0.1 










266 + 70 
15 + 4 
 
374 + 107 
21 + 6 
 
1141 + 91 
63 + 5 
 
CD = 5.1 + 0.1 




Figure 9.2—TEM images, shape distributions, and size distributions (dominant shape) of 
PVP-Pt nanoparticles before the Suzuki reaction (a-c), after the first cycle of the Suzuki 
reaction (d-f), and after the second cycle of the Suzuki reaction (g-i). 
 
Figure 9.2g-i show a representative TEM image of the PVP-Pt nanoparticles after 
the second cycle of the Suzuki reaction, the shape distribution of the nanoparticles, and 
the size distribution of the dominant “near spherical” shape.  After the second cycle, the 
“near spherical” nanoparticles remain dominant (63 + 7%) and the shape distribution 
remains similar to that observed after the first cycle of the Suzuki reaction.  It can also be 
seen that the size of the “near spherical” nanoparticles increases after the second cycle 
(average size = 5.7 + 0.2 nm) and that the width of distribution is broader (width = 1.6 + 
0.2 nm).  This suggests that the tetrahedral nanoparticles transform to the more stable 
”near spherical” shape and continue to grow in size by Ostwald ripening processes.   
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In a previous study with “near spherical” shaped PVP-Pd nanoparticles27, we 
observed that the nanoparticles grew larger after the first cycle of the reaction due to the 
Ostwald ripening process.  During the second cycle, we proposed that the nanoparticles 
aggregated and precipitated out of solution leaving the smaller nanoparticles behind.  In 
another previous study with PAMAM Generation 4 dendrimer-capped Pd nanoparticles34, 
it is observed that the nanoparticles continue to increase in size during the second cycle 
suggesting that aggregation and precipitation does not take place due to the better 
capping action of the dendrimer.  The growth process was attributed to both the Ostwald 
ripening process and also the presence of palladium atoms and partly reduced palladium 
ions remaining in solution.  It is worth noting that in the previous study with “near 
spherical” shaped PVP-Pd nanoparticles, we used PVP with a molecular weight of 
40,000.  In the current study with tetrahedral shaped PVP-Pt nanoparticles, we use PVP 
with a molecular weight of 360,000.  The higher the molecular weight of the PVP used, 
the better its capping action.  This could explain why after the second cycle of the 
reaction, the transformed “near spherical” PVP-Pt continue to grow larger in size while in 
the case of the PVP-Pd nanoparticles studied previously27, the larger nanoparticles that 
are formed aggregated and precipitated out of solution.  The PVP (mw = 360, 000), with 
better capping action, results in the nanoparticles being more resistant to aggregation and 
precipitation.  This result is also consistent with the results obtained previously34 with the 
PAMAM Generation 4 dendrimer capped Pd nanoparticles, which have strong 
encapsulating action. 
Figure 9.3 shows the % regular tetrahedral nanoparticles as a function of time 
during the first cycle of the Suzuki reaction and during the process of refluxing the 
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nanoparticles in solvent alone.  It can be seen that in both cases, the % of regular 
tetrahedral nanoparticles decreases exponentially over time.  When the nanoparticles are 
refluxed in solvent alone, it can be seen that the shape transformation occurs slightly 
faster than during the course of the first cycle of the Suzuki reaction.  This suggests that 
perhaps the phenylboronic acid, which can bind to the nanoparticle surface, has some 
effect in slowing the shape transformation process.  When the nanoparticles are refluxed 
in solvent alone, there is no phenylboronic acid present so the transformation occurs 
slightly faster.  The transformation in shape occurs three hours into the Suzuki reaction.  
Figure 9.4 shows a HRTEM image of a tetrahedral nanoparticle before the Suzuki 
reaction (a) and a transformed “near spherical” nanoparticle after the second cycle of the 
Suzuki reaction (b).  It can be seen that there is a complete transformation in shape from 
tetrahedral to “near spherical”. 
 
 
Figure 9.3—Graph of the percentage of regular tetrahedral platinum nanoparticles during 
the course of the first cycle of the Suzuki reaction and during the course of refluxing the 





Figure 9.4—HRTEM images of the PVP-Pt nanoparticles before the Suzuki reaction (a) 







9.4.3 Effect of the Individual Chemicals Involved in Reaction on Stability of the 
Tetrahedral Shape 
 
The effect of the individual chemicals involved in the reaction on the stability of 
the nanoparticle shape is also investigated.  Table 9.2 summarizes the shape distribution 
and the size distribution (of the dominant shape) under different conditions.  Figure 9.5a-
c show a typical TEM image, shape distribution of the nanoparticles after refluxing them 
in the 3:1 acetonitrile:water solvent alone, and size distribution of the dominant “near 
spherical” shape.  It is observed that after refluxing in just the solvent, there is a greater 
percentage of “near spherical” nanoparticles present (54 + 4%) than that present in the 
initial synthesized sample.  The process of refluxing the nanoparticles transforms the 
tetrahedral nanoparticles into the more stable “near spherical” shape.  It is also observed 
that the size of the dominant “near spherical” nanoparticles is similar to that of the 
tetrahedral nanoparticles before any perturbations, suggesting that the shape 
transformation process results from surface atomic reorganization, i.e. the atoms on the 
corners and edges reconstruct and dynamically move and construct the (100) facets 
present on the spheres but not on the tetrahedral nanoparticles.  The “near spherical” 
particles are slightly larger than the tetrahedral nanoparticles.  This is undoubtedly due to 
Ostwald ripening in which the small nanoparticles dissolve and adsorb on the surface of 
the larger one.  Excess metallic atoms in solution might also deposit on the surface of the 
larger nanoparticles.  Since atoms on the corners and edges are the least stable, these 
positions might not be the most favorable position for condensing atoms.  The adsorbed 
atoms begin to make the (100) facets and are assisted by the reconstruction of the host 





Figure 9.5—TEM images, shape distributions, and size distributions (dominant shape) of 
the PVP-Pt nanoparticles after refluxing in solvent alone (a-c), after refluxing in solvent 
+ sodium acetate (d-f), after refluxing in solvent + sodium acetate + phenylboronic acid 
(g-i), and after refluxing in solvent + sodium acetate + iodobenzene (j-l). 
 
Figure 9.5d-f show typical TEM image, shape distribution of the nanoparticles 
after refluxing the nanoparticles in solvent + sodium acetate, and the size distribution of 
the dominant “near spherical” shape.  In this case, it is found that there are a greater 
percentage of “near spherical” nanoparticles (63 + 6%) present and that the size of the 
“near spherical” nanoparticles is similar to that of the tetrahedral nanoparticles before any 
perturbations.  Figure 9.5g-i show a typical TEM image, shape distribution of the 
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nanoparticles after refluxing in the presence of phenylboronic acid, and size distribution 
of the dominant tetrahedral shape.  Under these conditions, it is observed that the 
tetrahedral nanoparticles (64 + 9%) remain the dominant shape, which supports previous 
studies with “near spherical” nanoparticles27,34 in which the size distribution is found not 
to change in the presence of phenylboronic acid and we proposed that phenylboronic acid 
acts as a capping (stabilizing) agent by binding to the nanoparticle surface.  In this 
manner, it stabilizes not only the size, but also the tetrahedral shape of the platinum 
nanoparticles.   
Figure 9.5j-l show a typical TEM image, shape distribution of the PVP-Pt 
nanoparticles after refluxing in the presence of iodobenzene, and size distribution of the 
dominant “near spherical” shape.  It is observed that “near spherical” nanoparticles are 
dominant (68 + 10%) and this is probably because iodobenzene does not bind to the 
nanoparticle surface and thus does not protect the nanoparticle shape.  This result also 
supports the catalytic mechanism that we proposed in previous studies27,34 in which the 
phenylboronic acid binds to the nanoparticles surface and reacts with iodobenzene in 
solution via collisional processes.  Also, it can be seen that the “near spherical” 
nanoparticles are similar in size to that of the tetrahedral nanoparticles before any 
perturbations. 
 
9.5  Conclusions 
 It is found that the 5.0 nm tetrahedral PVP-Pt nanoparticles catalyze the Suzuki 
reaction between phenylboronic acid and iodobenzene while they are only one-third as 
efficient as PVP-Pd “near spherical” palladium nanoparticles, but are certainly better than 
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“near spherical” platinum nanoparticles which are known not to catalyze this reaction.  
However, due to the loss of the tetrahedral shape in the drastic chemical and thermal 
environment at which the Suzuki reaction takes place, the catalytic activity rapidly 
decreases.  The transformation of shape results in surface atomic reconstruction of the 
atoms on the corners and edges as well as Ostwald ripening process which form the (100) 
facets which are not present in the tetrahedral nanoparticles.  This results in the formation 
of “near spherical” nanoparticles, which grow larger during the second cycle of the 
reaction.  The continued growth of the nanoparticles during the second cycle is due to the 
strong capping action of the PVP (mw = 360,000) making the nanoparticles more 
resistant to aggregation and precipitation and is consistent with previous results observed 
with PAMAM Generation 4 dendrimer capped Pd nanoparticles34, which are strong 
encapsulators.  It is observed that the shape transformation is minimized in the presence 
of phenylboronic acid and this is proposed to be due to its binding to the nanoparticle 
surface and thus acting as a capping (stabilizing) agent.  This result supports our 
proposed surface catalytic mechanism of the Suzuki reaction in our previous studies27,34 
in which the phenylboronic acid binds to the nanoparticle surface and reacts with 
iodobenzene in solution via collisional processes.   
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FTIR STUDY OF THE MODE OF BINDING OF THE REACTANTS ON THE PD 
NANOPARTICLE SURFACE DURING THE CATALYSIS  
OF THE SUZUKI REACTION 
 
 
10.1  Abstract 
 In the Suzuki reaction between phenylboronic acid and iodobenzene catalyzed by 
palladium nanoparticles, our previous studies suggested that the phenylboronic acid 
adsorbs on the nanoparticle surface and then interacts with the iodobenzene that is 
present in solution.  In the present study, FTIR is used to examine the change in the 
vibrational frequencies of phenylboronic acid in films with and without the addition of 
palladium nanoparticles.  The large change in the B-O stretching frequency of 
phenylboronic acid from 1348 cm-1 to 1376 cm-1 in the presence of sodium acetate and 
palladium nanoparticles strongly suggests that the mode of binding of phenylboronic acid 
to the Pd nanoparticle surface involves a B-O-Pd type of bonding.  Shifts in the B-C 
stretching mode and the out-of-plane phenyl C-C ring deformation bands associated with 
phenylboronic acid provide additional confirmations of the binding process.  It is also 
shown that the phenylboronic acid needs to be in the deprotonated form in the presence 
of sodium acetate (phenylboronate anion) in order to bind to the palladium nanoparticle 
surface.  No changes in the characteristic bands of iodobenzene were observed in films 
made in the presence of the palladium nanoparticles.  The FTIR studies provide proof of 
the mode of binding that occurs in the nanoparticle surface for the first time and also 
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confirms the surface catalytic mechanism of the Suzuki reaction that we proposed 
previously. 
10.2  Introduction 
  
Studies on catalysis with transition metal nanoparticles in colloidal solution has 
been very active recently and is described in many review articles published during the 
past decade1-8.  There have been very few studies conducted on the stability of the 
nanoparticle catalysts during the course of the reaction9-13.  We have previously14-19 
studied the effect of catalysis on the size and shape of transition metal nanoparticles that 
are used as catalysts.  One particular reaction that we studied is the electron transfer 
reaction between hexacyanoferrate (III) ions and thiosulfate ions using spherical14-16, 
tetrahedral15-17, and cubic15-17 platinum nanoparticles as catalysts.  It was observed that 
there is a slight reduction in the size of the spherical platinum nanoparticles after the first 
and second cycle of the electron transfer reaction14.  Also, there is a great reduction in the 
size of the nanoparticles when they are exposed to just the hexacyanoferrate (III) ions 
while they maintain their size in the presence of just the thiosulfate ions.  Based on these 
observations, it was suggested that the catalytic mechanism involves the thiosulfate ions 
binding to the nanoparticle surface and reacting with hexacyanoferrate (III) ions in 
solution.  We found that the catalytic activity is shape-dependent during the early stages 
of the reaction in which the tetrahedral nanoparticles are found to be the most 
catalytically active and the cubic nanoparticles are the least catalytically active for 
particles of comparable size15.  During the course of the reaction, it was observed that 
dissolution of platinum atoms occurred at the corners and edges of the tetrahedral and 
cubic nanoparticles, which also resulted in corresponding changes in the activation 
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energy16.  It was also observed that the dissolution of atoms on the corners and edges of 
the platinum nanoparticles occurs faster for the tetrahedral nanoparticles than the cubic 
nanoparticles17. 
Another reaction that we studied was the Suzuki reaction between phenylboronic 
acid and iodobenzene using PVP-Pd nanoparticles18, 20-22 and PAMAM-OH Generation 4 
dendrimer capped Pd nanoparticles19, 22.  We found that the size of the nanoparticles 
became larger as a result of Ostwald ripening processes as well as the presence of excess 
palladium atoms and partly reduced palladium ions.  These processes occur in the 
presence of the solvent, sodium acetate, and iodobenzene18, 19.  We observed that the 
growth process is inhibited in the presence of phenylboronic acid.  Due to these 
observations, we proposed that when the phenylboronic acid is in the deprotonated form 
(due to presence of sodium acetate), it binds to the nanoparticle surface through the O- of 
the OH group.  We also proposed that the surface catalytic mechanism of the Suzuki 
reaction involves the phenylboronic acid binding to the nanoparticle surface and reacting 
with iodobenzene that is present in solution. 
 FTIR is used to determine the mode of binding of the phenylboronic acid to the 
Pd nanoparticle surface.  One major characteristic vibrational mode of the phenylboronic 
acid that is greatly shifted upon the addition of the nanoparticles and sodium acetate is 
the B-O vibration.  This suggests a mode of binding that involves the B-O-Pd structure.  
The FTIR studies provide proof of the mode of binding that occurs in the nanoparticle 
surface for the first time and also confirms the mechanism of surface catalysis in the 








10.3.1  Synthesis of PVP-Pd Nanoparticles 
The PVP-Pd nanoparticles are synthesized as described previously18, 20-23 by the 
reduction of the Pd ions with ethanol.  The palladium precursor solution (H2PdCl4) is 
prepared by adding 0.0887 g of PdCl2, 6 mL of 0.2 M HCl, and diluting to 250 mL with 
doubly distilled water.  A solution containing 15 mL of 2 mM of H2PdCl4, 21 mL of 
doubly deionized water, 0.0667 g PVP, and 4 drops of 1 M HCl is heated.  When the 
solution begins to reflux, 14 mL of ethanol is added.  The solution is then refluxed for 
three hours and a dark brown colloidal Pd solution is formed.  A drop of the solution is 
spotted onto Formvar stabilized copper TEM grids and JEOL 100C TEM is used to 
characterize the size of the nanoparticles.  For the FTIR studies, it is necessary to have 
concentrated nanoparticle solutions.  As a result, the nanoparticles are rotovaped to 
concentrate the nanoparticle solution from 50 mL to 2 mL. 
 
10.3.2  FTIR Studies of Dried Films 
Films of sodium acetate (SA), phenylboronic acid (PA), SA + PA, PVP-Pd 
nanoparticles, PVP-Pd nanoparticles + PA, and PVP-Pd nanoparticles + SA + PA are 
prepared and dried in the oven for 30 minutes in order to investigate how the 
phenylboronic acid interacts with the palladium nanoparticle surface.  In addition, films 
of iodobenzene (I), SA + I, and PVP-Pd nanoparticles + SA + I are also prepared in order 
to investigate how the iodobenzene interacts with the palladium nanoparticle surface.  
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FTIR spectra of the films are recorded in the range of 4000-400 cm-1 at a resolution of 4 
cm-1 using the Nicolet 860 Magna-IR with DTGS detector and zinc selenide windows. 
 
 




10.4.1  FTIR Studies on Phenylboronic Acid 
FTIR studies are conducted to find out if there are shifts in the characteristic 
vibrational modes associated with phenylboronic acid upon exposure to sodium acetate 
and the PVP-Pd nanoparticles.  Table 10.1 summarizes the important vibrational modes 
and the frequencies observed in phenylboronic acid, phenylboronic acid + sodium 
acetate, phenylboronic acid + PVP-Pd nanoparticles, and phenylboronic acid + sodium 
acetate + PVP-Pd nanoparticles. 
Table 10.1—Frequencies of different vibration modes* in phenylboronic acid (PA), PA + 








PA + SA 
(cm-1) 
Frequency in 
PVP-Pd + PA 
(cm-1) 
Frequency in 
PVP-Pd + PA 
+ SA (cm-1) 
B-O Stretching 
 
1348 1348 1349 1376 
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Figure 10.1a shows the FTIR spectra in the region of 1800-1200 cm-1 obtained 
from dried films of sodium acetate (SA), phenylboronic acid (PA), SA + PA, PVP-Pd 
nanoparticles, PVP-Pd nanoparticles + PA, and PVP-Pd nanoparticles + PA + SA.  Band 
assignments for PA are obtained from a previous infrared spectral study in the 
literature24.  It can be seen that the B-O stretching band shifts from 1348 cm-1 in the 
presence of PA to 1376 cm-1 when the nanoparticles are added to PA + SA in solution 
before drying.  In the spectra of PA + SA without the presence of PVP-Pd nanoparticles, 
it is observed that the B-O stretching band occurs at 1348 cm-1, and this suggests that 
deprotonation does not occur in the film due to the loss of water upon drying and thus 
does not result in a shift in the B-O stretching mode.  The large shift in the B-O stretching 
frequency that occurs when the PVP-Pd nanoparticles are added to PA and SA prior to 
evaporation of the solution is an important indication that the phenylboronate anion 
(formed from PA due to the presence of SA) binds to the nanoparticle surface through the 
B-O- group.  In the case of the PVP-Pd nanoparticles + PA, it is observed that the B-O 
stretching mode occurs at 1349 cm-1, suggesting that the addition of PA to the palladium 
nanoparticles prior to drying the solution into a film does not result in it binding to the 
palladium nanoparticle surface.  This provides additional evidence that the phenylboronic 
acid must be in the form of phenylboronate anion by the presence of sodium acetate in 







Figure 10.1— FTIR spectra of PA, SA, SA + PA, PVP-Pd nanoparticles, PVP-Pd 
nanoparticles + PA, and PVP-Pd nanoparticles + SA + PA in 1800-1200 cm-1 region (a), 





An interesting question involves determining how the boronate group (BO2-) of 
phenylboronate anion binds to the nanoparticle surface and Figure 10.2 illustrates two 
possible binding modes.  The phenylboronate anion can bind to the palladium 
nanoparticle surface through a single bond between its B-O- group and the Pd atom 
(terminal binding) or through both of its B-O- groups to two Pd atoms (bridged binding).  
Terminal binding would result in bands existing in both the 1348 cm-1 and the 1376 cm-1 
regions since one B-O- group would be bound to the palladium nanoparticles while the 
other B-O- group would be free.  The blue shift in the B-O stretching mode that occurs 
when the nanoparticles are exposed to PA + SA is relatively large (~28 cm-1).  Since 
there is no band in the 1348 cm-1 region and only one shifted band is observed at 1376 
cm-1, the phenylboronate anion most likely binds through a bridge involving two B-O-Pd 
bonds.   
 
Figure 10.2—Illustration of phenylboronate anion and the two possibilities of binding to 
the palladium nanoparticle surface which can occur.  The binding can occur through one 
B-O- group or through both B-O- groups. 
 
Figure 10.1b shows the FTIR spectra in the region of 1200-800 cm-1 for the 
different systems.  In the case of PA and PA + SA, the B-C stretching mode occurs at 
1087 cm-1.  This suggests that deprotonation of phenylboronic acid does not occur in a 
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film made by adding SA and then drying the solution due to the loss of water that occurs 
during the evaporation process.  When the PVP-Pd nanoparticles are added to PA + SA 
prior to drying the solution into a film, it is observed that the B-C stretching mode is very 
weak.  In the case where the PVP-Pd nanoparticles are added to PA, it is also observed 
that the B-C stretching mode occurs at 1086 cm-1.  It is also observed that the band at 
1102 cm-1 in PA and 1103 cm-1 in PA + SA is shifted and enhanced when the 
nanoparticles are added to PA + SA before drying and appears at 1118 cm-1.  In the 
literature24, 25, it was shown that the infrared spectra of phenylboronic anhydride has two 
B-C stretching bands (doublet), one at 1087 cm-1 and the other at 1104 cm-1.   It is 
possible that the weak band we observe at 1102 cm-1 for PA by itself and 1103 cm-1 for 
PA + SA is also due to the B-C stretching mode.  In the case of PA + SA, it is observed 
that there is also a band at 1112 cm-1, which could be due to the deprotonation of the 
phenylboronic acid causing a shift in the B-C stretching mode.  In this case, it can also be 
seen that the shift in the B-C stretching mode is incomplete.  When the nanoparticles are 
added to PA + SA in solution before evaporation, the shift in the B-C stretching mode is 
complete with a band at 1118 cm-1 being present and the band at 1103 cm-1 being absent.  
The complete shift in the B-C stretching mode observed when the nanoparticles are 
added to PA + SA suggests that the phenylboronate anion binds to the nanoparticle 
surface.  In the case when the nanoparticles are added to PA prior to drying the solution 
into a film, there is no shift in the B-C stretching mode since it occurs at 1103 cm-1.  This 
provides additional evidence that the phenylboronate anion (formed by the presence of 
sodium acetate) binds to the nanoparticle surface in solution prior to drying. 
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 Figure 10.1c shows the FTIR spectra in the region of 800-500 cm-1.  When 
comparing spectra obtained when the PVP-Pd nanoparticles are mixed with PA + SA to 
the spectra obtained of PA by itself, it is observed that there is a shift in the out-of-plane 
phenyl C-C ring deformation band and its shoulder from 700 cm-1 and 688 cm-1 to 706 
cm-1 and 681 cm-1, respectively.  The shoulder has not been reported in the literature.  In 
the spectra of PA + SA without the presence of the PVP-Pd nanoparticles, the out-of-
plane phenyl C-C ring deformation band and its shoulder occur at 698 cm-1 and 687 cm-1.  
In this case, it can be seen that the ring deformation band and its shoulder occur at 
frequencies similar to those observed in PA.  This might be explained by the fact that the 
OH- is unionized in both cases due to the loss of water that occurs in the process of 
preparing dried films.  This means that deprotonation of the phenylboronic acid might not 
occur in the films of the two samples and thus does not result in a shift in the out-of-plane 
phenyl C-C ring deformation band and its shoulder.  In the case of PVP-Pd NPs + PA + 
SA, it is observed that there is a shift in the ring deformation band to higher frequencies.  
The shifts in the out-of plane phenyl C-C ring deformation vibration and its shoulder 
could be due to the phenylboronate anion (formed from PA by the presence of SA) 
binding to the palladium nanoparticle surface.  In the structure of the Ph-B-O-Pd, one 
would expect that the phenyl deformation would be different from that for the Ph-B-OH, 
which is present in a film made from drying a solution of PA and PA + SA.  In the case 
of Ph-B-OH, the out-of-plane ring deformation can occur much more easily and freely 
than in the case of Ph-B-O-Pd, where the presence of the heavy nanoparticles makes the 
Ph-B bond stiffer.  As a result, when the heavy phenylboronic acid is bound to the 
nanoparticle surface, the out-of-plane phenyl C-C ring deformation process does not 
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occur as readily and is more difficult to do so.  This would result in this vibrational mode 
occurring at a higher frequency, which correlates with our observation that the frequency 
shifts from 700 cm-1 to 706 cm-1.  When the PVP-Pd nanoparticles are added to PA in 
solution before drying, it is observed that the ring deformation band occurs at 700 cm-1 
and its shoulder occurs at 687 cm-1, which is similar to that observed in PA.  This shows 
that the phenylboronic acid does not bind to the nanoparticle surface when it is not in the 
presence of sodium acetate before drying.  This also provides additional proof that the 
phenylboronate anion formed in the presence of sodium acetate binds to the nanoparticle 
surface. 
 
10.4.2  FTIR Studies on Films of Iodobenzene and the Pd Nanoparticles 
 Figure 10.3a-c show FTIR spectra in the region of 1800-1200 cm-1, 1200-800 cm-
1, and 800-500 cm-1 respectively, for the following conditions involving iodobenzene:  
iodobenzene (I), sodium acetate (SA), I + SA, PVP-Pd NPs, and PVP-Pd NPs + I + SA.  
The band assignments for iodobenzene were obtained from infrared spectral studies 
conducted in the literature26.  It can be seen that there are no shifts in the bands that are 
associated with characteristic vibrational modes of iodobenzene.  There are no shifts in 
the four C-C stretching modes at 1571 cm-1 , 1471 cm-1 , 1438 cm-1 , and 1321 cm-1.  
There are no shifts in the C-I stretching mode at 1059 cm-1 and the CCH in-plane bending 
mode at 1014 cm-1.  There are also no shifts in the ring breathing mode at 997 cm-1 or in 
the two CH out-of-plane bending modes at 903 cm-1 and 729 cm-1.  Finally, there is also 
no shift in the CCC nonplanar twist mode at 685 cm-1.  Since there are no shifts in the 
bands associated with the characteristic vibrational modes of iodobenzene, it is concluded 
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that iodobenzene does not have specific bonding to the surface of the palladium 
nanoparticles. 
 
Figure 10.3— FTIR spectra of I, SA, SA + I, PVP-Pd nanoparticles, and PVP-Pd  
nanoparticles + SA + I in 1800-1200 cm-1 region (a), 1200-800 cm-1 region (b), and 800-
500 cm-1 region (c). 
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10.4.3  Catalytic Mechanism of the Suzuki Reaction 
 The results obtained from the FTIR studies on the interaction of phenylboronic 
acid and iodobenzene to the palladium nanoparticle surface show that our proposed 
surface catalytic mechanism of the Suzuki reaction reported previously18, 19 is correct.  
The phenylboronate anion does indeed bind to the nanoparticle surface through both B-O- 
groups.  Since the iodobenzene does not bind to the nanoparticle surface, the mechanism 
of surface catalysis must involve the phenylboronic acid binding to the nanoparticle 
surface in the form of phenylboronate anion followed by its reaction with the 
iodobenzene present in solution. 
 
 
10.5  Conclusions 
 
FTIR studies have shown that phenylboronate anion (which is formed from PA in 
the presence of SA) does indeed bind to the Pd nanoparticle surface.   Shifts in the B-O 
stretching mode, the B-C stretching mode, and the out-of-plane phenyl C-C ring 
deformation band and its shoulder associated with phenylboronic acid are observed when 
the PVP-Pd nanoparticles are exposed to PA + SA.  When the PVP-Pd nanoparticles are 
added to PA without the presence of SA, shifts in the characteristic bands associated with 
PA are not observed, suggesting that in this case, the phenylboronic acid must be in the 
protonated form and that the binding process involves its conjugate base (phenylboronate 
anion).  The phenylboronate anion binds to the nanoparticle through a B-O-Pd bridge.  It 
has also been shown that iodobenzene does not have specific binding to the nanoparticle 
surface since no shifts in the characteristic vibrational modes associated with 
iodobenzene are observed upon exposure to the nanoparticles.  These results provide 
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support to the surface catalytic mechanism of the Suzuki reaction that involves the 
phenylboronate anion binding to the nanoparticle surface and then reacting with the 
iodobenzene present in solution. 
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CARBON SUPPORTED SPHERICAL PALLADIUM NANOPARTICLES AS 
POTENTIAL RECYCLABLE CATALYSTS FOR  




11.1  Abstract 
 
Carbon supported spherical PVP-Pd nanoparticles are prepared by the adsorption 
of colloidal PVP-Pd nanoparticles onto activated carbon and used as catalysts for the 
Suzuki cross-coupling reaction between phenylboronic acid and iodobenzene to form 
biphenyl.  HPLC studies show that the use of the carbon supported Pd nanoparticles 
result in a lower amount of biphenyl formed during the first cycle than the colloidal Pd 
nanoparticles we studied previously.  The carbon supported spherical palladium 
nanoparticles retain 69% of its activity during the second cycle while the colloidal 
spherical palladium nanoparticles we studied previously retain only 37% of its activity 
during the second cycle.  As a result, it can be seen that the carbon supported spherical Pd 
nanoparticles have almost double the recycling potential compared to the colloidal 
spherical Pd nanoparticles we studied previously.  Perhaps the large amount of carbon 
support on which the palladium nanoparticles are adsorbed helps to preserve its catalytic 
activity for longer periods of time.  The effect of catalyzing the Suzuki reaction and 
recycling on the nanoparticle size has also been investigated for the carbon supported 
spherical Pd nanoparticles.  The supported nanoparticles are monodisperse with an initial 
average size of 1.9 + 0.1 nm.  The average size of the carbon supported spherical 
palladium nanoparticles is 2.6 + 0.1 nm after the first cycle of the Suzuki reaction and 3.1 
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+ 0.1 nm after the second cycle.  The continued growth of the supported nanoparticles 
suggests that the large amount of carbon support helps to protect the palladium 
nanoparticles during the harsh Suzuki reaction and helps to prevent aggregation and 
precipitation unlike the behavior of the colloidal palladium nanoparticles we studied 
previously.  In addition, it is observed that catalysis with the supported nanoparticles 
retains its observed narrow size distribution.  The adsorption method used to prepare the 
carbon supported Pd nanoparticles could account for this observation since in this 
preparation method, excess unaggregated palladium atoms will not be present since they 
will not be adsorbed onto the carbon support.  The growth of the nanoparticles after the 
first and second cycle of the Suzuki reaction strictly occurs via the Ostwald ripening 
process in which there is detachment of atoms from the smaller nanoparticles and 
reattachment of these atoms to the more stable surfaces of the larger nanoparticles. 
 
11.2  Introduction 
The nanocatalysis field has undergone an explosive growth during the past decade 
since nanoparticles are attractive to use as catalysts compared to other bulk catalytic 
materials due to their high surface tension.  Nanoparticles in colloidal solution as well as 
supported nanoparticles have been used as catalysts and there have been over 2800 
papers published in this vast field.  Approximately 15-20% of the work in this field is 
conducted using colloidal metal nanoparticles as catalysts.  Majority of the work has been 
conducted using supported metal nanoparticles as catalysts for a variety of organic and 
inorganic reactions.  Supported metal nanoparticles have been prepared by adsorption1-10, 
grafting11-12, or by lithographic fabrication using electron beam lithography13-16.  There 
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have been numerous review articles that have been published which describe the use of 
supported nanoparticles as catalysts for a variety of reactions17-29. 
 While the nanocatalysis field is vast, there have not been many studies on 
understanding what happens to the nanoparticles during the course of the catalytic 
process.  There have been a few studies that have characterized the nanoparticles after the 
catalytic process for colloidal metal nanoparticles30-34 as well as supported metal 
nanoparticles35-39.  There have also been a few studies that have investigated the recycling 
potential of colloidal metal nanoparticles40-43 and supported metal nanoparticles44-47.  
Overall, it can be seen that there has not been many studies conducted on the stability of 
the nanoparticles after its catalytic function as well as their recycling potential in both the 
colloidal metal nanoparticles and the supported metal nanoparticles.  Detailed studies are 
necessary in order to try to design the best catalyst to use for a particular kind of reaction. 
We have previously conducted several studies on the effect of the catalytic 
process on the shape49-51, 54 and size48, 52-53 of colloidal metal nanoparticles.  We have 
used tetrahedral49-51, cubic49-51, and spherical48-50 shaped platinum nanoparticles to 
catalyze the electron transfer reaction.  We found that catalysis is shape-dependent during 
the early stages of the reaction, in which no large shape changes take place49.  The 
activation energy of the catalytic reaction is found to decrease as the fraction of surface 
platinum atoms present in the corners and edges increases.  During the long reaction time 
in the full course of the electron transfer reaction (2 days), we observe changes in the 
platinum nanoparticle shape and corresponding changes in the activation energy that take 
place50.  Dissolution of atoms from the corners and edges of the tetrahedral and cubic 
platinum nanoparticles occur, resulting in the formation of distorted tetrahedral and 
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distorted cubic platinum nanoparticles.  The rate of shape change was found to occur 
faster for the tetrahedral platinum nanoparticles than the cubic platinum nanoparticles51.   
We also conducted studies on the effect of catalyzing the Suzuki reaction on the 
size of spherical palladium nanoparticles52-53.  The Suzuki reaction is a more harsh 
reaction since it requires the reaction mixture to be refluxed at 100 oC for 12 hours.  It 
was observed that the spherical PVP-palladium nanoparticles grew larger in size after the 
first cycle of the Suzuki reaction due to the Ostwald ripening process.  After the second 
cycle, the palladium nanoparticles are much smaller in size due to the aggregation and 
precipitation of the larger nanoparticles that were formed during the first cycle of the 
reaction52.  In the case of the dendrimer-Pd nanoparticles, it was observed that the growth 
process continues to occur during the second cycle and this could be due to the dendrimer 
being a strong encapsulating agent and protecting the nanoparticle surface well53.  This 
makes the nanoparticles more resistant to aggregation and precipitation.  It was also 
found that the reduction method used to prepare the nanoparticles also plays an important 
role in the growth of the palladium nanoparticles during the Suzuki reaction.  In addition, 
colloidal tetrahedral platinum nanoparticles have also been used as catalysts for the 
Suzuki cross-coupling reaction54.  It was observed that the tetrahedral platinum 
nanoparticles transform into spherical shaped platinum nanoparticles after the Suzuki 
reaction is complete and these transformed spherical nanoparticles grew larger in size 
upon recycling (after the second cycle). 
We have shown in our previous studies that colloidal metal nanoparticles are 
unstable and undergo changes in their morphology (size and shape) in order to survive in 
the reaction mixture.  As a result, it can be seen that there is a need to try to find better 
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types of nanocatalysts to use that can withstand the reaction conditions in which catalytic 
processes take place.  Some possibilities include the use of better stabilizers to stabilize 
colloidal metal nanoparticles or the use of supported metal nanoparticles as catalysts.   
Previously, Li et al55 has examined the effect of the capping material in colloidal solution.  
They found that as the capping material stabilizes the nanoparticles, it decreases its 
catalytic efficiency.   
In the present study, we explore the possibility of using supported metal 
nanoparticles as good potential catalysts.  We used carbon supported nanoparticles to 
catalyze the Suzuki reaction.  One very common type of substrate that has been used in 
the preparation of supported nanoparticles is carbon56-64.  Suzuki cross-coupling reactions 
have traditionally been catalyzed with different phosphine based and phosphine-free 
palladium complexes65-69.  There have also been many cases of palladium complexes 
supported on various substrates such as silica70-71, 73, 77, resin72, 78, chitosan74, alumina75, 
carbon76, etc. that have also been used to catalyze this type of reaction.  Recently, many 
different types of colloidal palladium nanoparticles have been used as catalysts for the 
Suzuki reaction52-53, 79-87.  It is worth noting that there have been very few cases of 
supported palladium nanoparticles being used as catalysts for this reaction88-89 and the 
substrates that have been used in these cases are silica88, titania88, and alumina89.  More 
importantly, there have not been any studies on the use of carbon supported palladium 
nanoparticles as catalysts for the Suzuki cross-coupling reaction. 
 One aim in this paper is to determine if carbon supported spherical PVP-Pd 
nanoparticles are more catalytically active for the Suzuki reaction than the colloidal 
spherical PVP capped palladium nanoparticles that we studied previously52.  Another 
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goal is to investigate the effect of the catalytic process on the size of the carbon supported 
spherical palladium nanoparticles and compare the results with those obtained for the 
colloidal spherical palladium nanoparticles studied previously52.  The Suzuki reaction is 
chosen to test the stability of the carbon supported spherical nanoparticles since it is a 
relatively harsh reaction that takes place at 100 oC for 12 hours.  In addition, it is also 
very important to assess the recycling potential of the carbon supported spherical 
palladium nanoparticles in order to provide additional information on its usefulness in 
catalysis. 
 
11.3  Experimental Section 
 
11.3.1  Synthesis of Colloidal Spherical PVP-Pd Nanoparticles 
The colloidal spherical PVP-Pd nanoparticles are synthesized by the reduction of 
the Pd ions with ethanol similar to that described previously36.  The palladium precursor 
solution (H2PdCl4) is prepared by adding 0.0887 g of PdCl2, 6 mL of 0.2 M HCl, and 
diluting to 250 mL with doubly distilled water.  A solution containing 15 mL of 2 mM of 
H2PdCl4, 21 mL of doubly deionized water, 0.0667 g PVP, and 4 drops of 1 M HCl is 
heated.  When the solution begins to reflux, 14 mL of ethanol is added.  The solution is 
then refluxed for three hours and a dark brown colloidal Pd solution is formed.  A drop of 
the solution is spotted onto Formvar stabilized copper TEM grids and JEOL 100C TEM 




11.3.2 Synthesis of Carbon Supported Spherical PVP-Pd Nanoparticles 
The carbon supported spherical PVP-Pd nanoparticles are prepared using the 
adsorption method.  First, 25 mL of the nanoparticle solution is diluted to 50 mL by 
adding 25 mL of doubly distilled water.   Next, 50 mL of the diluted palladium 
nanoparticles is mixed with 1.0 g of activated carbon.  The solution is then stirred 
vigorously at room temperature for 24 hours.  After this, the solution is centrifuged at 
19,000 rpm for 30 minutes at 25o C in order to separate the liquid from the carbon 
support containing the adsorbed Pd nanoparticles.  The centrifugation process is 
continued for two more cycles in order to make sure that only the adsorbed nanoparticles 
remain in the carbon support.  The carbon support containing the adsorbed Pd 
nanoparticles is poured onto a piece of filter paper and is allowed to dry overnight.  The 
resulting powder is the spherical PVP-Pd nanoparticles adsorbed onto the activated 
carbon support.  In order to observe the nanoparticles by HRTEM, it is necessary to place 
a small amount of the powder in ethanol and sonicate it for an hour prior to spotting the 
solution onto a Formvar stabilized copper TEM grid.  The carbon-supported palladium 
nanoparticles are imaged by using the JEM 4000EX HRTEM since the use of high-
resolution transmission electron microscopy results in the supported nanoparticles being 
seen much more clearly than in the case of conventional transmission electron 
microscopy. 
 
11.3.3 Catalyzing Suzuki Reaction (First and Second Cycles) 
The carbon supported spherical PVP-Pd nanoparticles are used to catalyze the 
Suzuki reaction between phenylboronic acid and iodobenzene to form biphenyl.  In this 
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reaction, 0.49 g sodium acetate, 0.37 g phenylboronic acid, and 0.20 g iodobenzene is 
added to 150 mL of the 3:1 acetonitrile:water solvent.  The reaction mixture is heated to 
100o C.  Once the mixture refluxes, 0.05 g of the carbon supported spherical PVP-Pd 
nanoparticles is added to the reaction mixture.  The reaction mixture is refluxed for a total 
of 12 hours.  The same reaction mixture solution was used for recycling after the addition 
of fresh amounts of the reactants.  For recycling, an assumption was made that all of the 
iodobenzene was used up since it is the limiting reactant.  Initially there is 1 mmol 
iodobenzene and 3 mmol phenylboronic acid present in the reaction mixture.  After the 
first cycle, it is assumed that there is no iodobenzene left and 2 mmol phenylboronic acid 
left.  As a result 1 mmol iodobenzene and 1 mmol phenylboronic acid are added in order 
to start the second cycle of the Suzuki reaction.  The reaction mixture is then refluxed for 
another 12 hours to complete the second cycle.  A control experiment is also conducted in 
which the Suzuki reaction mixture is refluxed for 12 hours without the presence of any 
catalyst.  In addition, another control experiment is conducted in which the Suzuki 
reaction mixture is refluxed for 12 hours in the presence of just the activated carbon 
support without the nanoparticles. 
 
11.3.4 HPLC Studies on Catalytic Activity of the Carbon Supported Spherical Pd 
Nanoparticles 
 
HPLC measurements are conducted on a Hitachi-4500 HPLC equipped with a 
L4500A diode array detector in which the absorbance is monitored at 254 nm.  The 
separation is carried out on a reversed-phase packed column (Rainin Microsorb-MV C18, 
300 Angstroms, dim 4.6 x 250 mm) using a 60:40 acetonitrile-water mixture and a flow 
rate of 1 mL/min.  The area of the chromatographic peaks is calculated with a D-6000 
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interface-integrator.  A calibration curve for determining the concentration of biphenyl is 
constructed by plotting the peak area vs. concentration of biphenyl standards.  The 
standards prepared are 0.0005 M, 0.001 M, 0.0015 M, 0.002 M, 0.0025 M, and 0.003 M 
biphenyl.  For HPLC measurements, all samples are diluted to ¼ of the original 
concentration so that the peak areas will be within the range of the calibration curve.  The 
actual concentration is determined by taking the concentration of the diluted sample and 
multiplying by 4.  The concentration of biphenyl is determined before the first cycle, after 
the first cycle, before the second cycle, and after the second cycle.  In addition, the 
biphenyl concentration is also determined after the three control experiments:  Suzuki 
reaction with no catalyst, Suzuki reaction in the presence of the activated carbon support 
without the nanoparticles, and biphenyl by itself vs. biphenyl in presence of activated 
carbon. 
 
11.3.5 HRTEM Studies on the Size Distribution of the Carbon Supported Spherical  
            Palladium Nanoparticles Before and After Catalysis and Recycling 
 
The reaction mixture solutions containing the carbon supported spherical PVP-Pd 
nanoparticles are sonicated for an hour before spotting them onto TEM grids.  A drop of 
the solution is placed onto a Formvar stabilized copper grid and the drop is allowed to 
evaporate in air.  The spotted samples take approximately 30 minutes to dry.  Since the 
same deposition conditions are employed for all samples, the evaporation rate of the 
solvent is fairly reproducible from one sample to another.  For each of the experiments, 
the internal reproducibility of the observed size distribution is verified by spotting the 
sample onto three separate TEM grids.  HRTEM images are also obtained from different 
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sections of the TEM grids in order to verify the reproducibility of the size distribution.  
The general reproducibility of the size distribution is verified by conducting each of the 
experiments three times.  The nanoparticle size distribution is determined by counting 
approximately 1800 nanoparticles from nine enlarged HRTEM images (approximately 
200 nanoparticles from each HRTEM image).  Gaussian fits of the size distributions 
determined from the Origin 5.0 software are used to determine the average size and the 
width of the size distribution. 
 
11.4 Results and Discussion 
 
11.4.1 Catalytic Activity of the Carbon Supported Spherical Palladium 
Nanoparticles 
 
The catalytic activity of the carbon supported spherical palladium nanoparticles is 
compared to that of the colloidal spherical palladium nanoparticles studied previously52.  
In addition, control experiments in which the Suzuki reaction is conducted without the 
presence of any catalyst and in which the Suzuki reaction is conducted in the presence of 
the activated carbon support without the nanoparticles are also done.  In both cases, it is 
found that there is no biphenyl product that is detected from the HPLC studies.  Thus, it 
is safe to conclude that the Suzuki reaction does not proceed without a catalyst and that 
the presence of activated carbon alone does not catalyze the Suzuki reaction.   
Table 11.1 summarizes the HPLC results on the biphenyl yields obtained during 
the first and second cycles of the Suzuki reaction for both the carbon supported spherical 
palladium nanoparticles and the colloidal spherical palladium nanoparticles we studied 
previously36.  It can be seen that the carbon supported spherical palladium nanoparticles 
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do catalyze the Suzuki cross-coupling reaction, but results in a lower amount of biphenyl 
formed after the first cycle compared to the amount produced with the colloidal 
palladium nanoparticles we studied previously52.  This could be a result of the adsorption 
of some of the biphenyl on the activated carbon or that the catalytic efficiency of the 
nanoparticles on carbon is not as good as in colloidal solution.  In order to test for the 
possible adsorption of biphenyl on the activated carbon, a control experiment was 
conducted in which the concentration of biphenyl was determined when it is present in 
150 mL acetonitrile:water by itself and after refluxing the biphenyl in the presence of 
0.05 grams of activated carbon.  It is observed that the biphenyl concentration is 12.5 + 
1.4% lower after refluxing in the presence of activated carbon when compared to the 
initial biphenyl concentration.  This suggests that that the activated carbon adsorbs a 
small quantity of biphenyl and as a result, during the reaction, the actual quantity of 
biphenyl produced is slightly higher.  As a result, the biphenyl concentration after the 
first and second cycle is corrected by multiplying by 114.3% in order to reflect the actual 
concentration of biphenyl present and this is also shown in Table 11.1.  A possible reason 
for the catalytic efficiency of carbon supported nanoparticles being lower than that of the 
colloidal nanoparticles could be due to the better capping by large quantities of the 
carbon support (1 gram).  As a result, it is possible that there is a much lower fraction of 
sites available for the catalytic process since many free sites are used in the adsorption 
process.  It can be seen that even after correcting for the biphenyl that gets adsorbed onto 
the carbon support, the biphenyl concentration is still lower than that observed previously 
for the colloidal palladium nanoparticles.  This suggests that the catalytic efficiency of 
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carbon supported nanoparticles being lower than that of the colloidal nanoparticles is the 
dominant cause for the lower biphenyl yield observed after the first cycle. 
Table 11.1—Biphenyl Yield Obtained with the Carbon Supported Spherical PVP-Pd 
nanoparticles vs. Colloidal Spherical PVP-Pd nanoparticles studied previously36.  In the 
case of carbon supported spherical PVP-Pd nanoparticles, the raw biphenyl 
concentrations as well as the concentration corrected for biphenyl adsorbed onto the 


















First Cycle of Suzuki 
Reaction 
 
1.54 + 0.07 mM 
20 + 1% 
 
Corrected for Adsorption 
1.76 + 0.07 mM 




3.00 + 0.32 mM 









1.07 + 0.20 mM 
14 + 3% 
 
Corrected for Adsorption 
1.22 + 0.20 mM 
16 + 3% 
 
 
1.11 + 0.20 mM 
15 + 3% 
 
 
It is interesting to note that during the second cycle of the reaction, the carbon 
supported spherical palladium nanoparticles do produce a high quantity of biphenyl 
relative to the amount that is produced during the first cycle.  The colloidal spherical 
PVP-Pd nanoparticles we studied previously52 do not have a good recycling potential.  
Table 11.2 summarizes the biphenyl yield ratios obtained for both types of palladium 
nanoparticles.  The biphenyl yield ratio is calculated by dividing the biphenyl yield 
obtained during the second cycle by that formed during the first cycle.  In the case of the 
carbon supported palladium nanoparticles, the biphenyl concentration corrected for the 
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adsorption of biphenyl on the carbon is used to conduct the calculation of the biphenyl 
yield ratio.  It can be seen that the biphenyl yield ratio for the carbon supported spherical 
palladium nanoparticles is quite high at 0.69 and this is due to the relatively high 
recycling potential of these nanoparticles.  In the case of the colloidal spherical PVP-Pd 
nanoparticles we studied previously52, the biphenyl yield ratio of 0.37 is relatively low 
suggesting that the colloidal palladium nanoparticles have a low recycling potential.  
Overall, the carbon-supported spherical PVP-Pd nanoparticles have almost twice the 
recycling potential than that for the colloidal spherical PVP-Pd nanoparticles52.  The high 
recycling potential for the carbon supported spherical PVP-Pd nanoparticles is probably 
due to the presence of a large amount of the carbon support around the palladium 
nanoparticles thus stabilizing the palladium nanoparticles.  It is worth noting that the 
biphenyl product formation is approximately 70% and not close to 100% and this could 
be due to the slightly lower catalytic activity of the larger capped and stabilized 
palladium nanoparticles that are formed and also due to some poisoning effect that could 
occur due to the biphenyl product itself.  The carbon supported palladium nanoparticles 
are not as catalytically active as the colloidal nanoparticles, but its active sites are more 
stable.  This is a result of a good stabilizing effect of the carbon around the nanoparticles. 
 
Table 11.2—Ratio of biphenyl yields (yield in 2nd cycle/yield in 1st cycle) for the case of 
the carbon supported spherical PVP-Pd nanoparticles and the colloidal spherical PVP-Pd 
nanoparticles studied previously36.  In the case of the carbon supported nanoparticles, the 
corrected biphenyl concentrations are used for the calculation. 
 
Type of Nanoparticles Ratio of Biphenyl Yields 
Carbon Supported Spherical PVP-Pd 
Nanoparticles 
0.69 





11.4.2 Effect of Catalyzing the Suzuki Reaction on the Size of Carbon Supported  
            Spherical Palladium Nanoparticles 
 
The effect of catalyzing the Suzuki reaction on the size of carbon supported 
spherical palladium nanoparticles is investigated and compared to that obtained with the 
colloidal spherical palladium nanoparticles.  Figure 11.1 shows HRTEM images and 
Gaussian fits of the size distributions of the carbon supported spherical palladium 
nanoparticles before and after the first and second cycle of the Suzuki reaction.  Table 
11.3 summarizes the results on the center and width of the size distribution of the carbon 
supported spherical palladium nanoparticles and the colloidal spherical palladium 
nanoparticles studied previously52 before and after the first and second cycle. 
It can be seen that the carbon supported spherical palladium nanoparticles are 
monodisperse with an average size of 1.9 + 0.1 nm.  They are similar in size to that of the 
colloidal spherical palladium nanoparticles we studied previously (2.1 + 0.1 nm)52.  After 
the first cycle of the Suzuki reaction, it is observed that the nanoparticles grow in size and 
the average size becomes 2.6 + 0.1 nm.  After the second cycle, the carbon supported 
nanoparticles continue to grow to an average size of 3.1 + 0.1 nm.  The continued growth 
of the carbon supported palladium nanoparticles and the high catalytic activity observed 
with these nanoparticles during the second cycle suggest that the carbon support is 
effective in preventing aggregation and precipitation of the nanoparticles unlike the 
colloidal spherical palladium nanoparticles in which the larger nanoparticles that were 
formed aggregated and precipitated out of solution leaving the smaller nanoparticles left 







Figure 11.1—HRTEM images and Gaussian fits of the size distributions of the carbon 
supported spherical palladium nanoparticles before any perturbations (a-b), after the first 













Table 11.3—Size distributions of the carbon supported spherical PVP-Pd nanoparticles 
and the colloidal spherical PVP-Pd nanoparticles studied previously36 before the reaction, 








Spherical PVP-Pd NPs 
 
 
Colloidal Spherical  
PVP-Pd NPs36 
 
Before Suzuki Reaction 
 
 
CD = 1.9 + 0.1 nm 
WD = 0.9 + 0.1 nm 
 
CD = 2.1 + 0.1 nm 
WD = 1.1 + 0.2 nm 
 




CD = 2.6 + 0.1 nm 
WD = 1.1 + 0.1 nm 
 
CD = 2.9 + 0.3 nm 
WD = 2.8 + 0.4 nm 
 
 




CD = 3.1 + 0.1 nm 
WD = 1.3 + 0.1 nm 
 
CD = 2.2 + 0.2 nm 
WD = 0.9 + 0.2 nm 
 
It is also worth noting that the width of the size distribution of the carbon 
supported palladium nanoparticles is not as broad as that of the colloidal spherical 
palladium nanoparticles.  This might be due to the repetitive centrifugation and decanting 
techniques used to prepare the nanoparticles in the carbon samples.  The method of 
preparing the carbon supported palladium nanoparticles also results in very little, if any, 
free palladium atoms in the sample.  This is because the centrifugation process would 
have effectively removed these atoms as well as unaggregated palladium atoms and 
colloidal palladium nanoparticles that are not adsorbed onto the support.  In addition, the 
ethanol is also removed during the centrifugation process and as a result, no further 
reduction of any remaining palladium ions can occur.  As a result, the growth of the 
nanoparticles during the reaction must then occur by the detachment of atoms from the 
smaller palladium nanoparticles and reattachment of these atoms to the more stable 
surfaces of the larger palladium nanoparticles.  This would explain why the size 
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distribution is not very broad compared to the colloidal spherical palladium nanoparticles 
we studied previously52. 
 
11.5 Conclusions 
It is observed that while the carbon supported spherical palladium nanoparticles 
are less catalytically active compared to the colloidal spherical palladium nanoparticles 
we studied previously36, the carbon supported nanoparticles have almost double the 
recycling potential than the colloidal palladium nanoparticles.  This is probably due to the 
stabilizing effect of carbon as a possible capping agent.  The carbon supported spherical 
palladium nanoparticles grow in size during the first and second cycle of the reaction and 
the width of the size distribution is not very broad.  The presence of the carbon support 
makes the nanoparticles resistant to aggregation and precipitation and also helps to 
preserve its catalytic activity during the second cycle.  In addition, the adsorption method 
of preparing the supported palladium nanoparticles effectively favors the adsorption of 
larger palladium against the very small ones as well as the palladium atoms.  This results 
in the Ostwald ripening growth mechanism occurring only between the nanoparticles 
present on the carbon support.  Overall, the carbon supported spherical palladium 
nanoparticles are potentially better recyclable catalysts for the Suzuki reaction than 
colloidal palladium nanoparticles. 
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